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D1-Like Dopamine Receptor Activation Modulates
GABAergic Inhibition But Not Electrical Coupling between
Neocortical Fast-Spiking Interneurons
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Department of Comparative Medicine, Stanford University School of Medicine, Stanford, California 94305-5342

Dopamine, acting through D1 receptors, is thought to play an important role in cognitive functions of the frontal cortex such as working
memory. D1 receptors are widely expressed in fast-spiking (FS) interneurons, a prominent class of inhibitory cells that exert a powerful
control of neuronal firing through proximal synapses on their postsynaptic targets. FS cells are extensively mutually interconnected by
both GABAA receptor-mediated synapses and gap junction-mediated electrical synapses, and networks of FS cells play a crucial role in the
generation of rhythmic synchronous activity. Although recent studies have documented the effects of dopamine modulation of neocor-
tical synaptic connections among excitatory cells and between excitatory and various inhibitory cells, the effects of dopamine receptor
activation on GABAergic and electrical interactions among FS cells is not known. To resolve this, we recorded from pairs of FS cells in the
infragranular layers of mouse neocortical slices and tested the effects of D1-like (D1 /D5 ) receptor activation on these connections. We
found that D1-like receptor activation modulated GABAergic but not electrical connections between them. A D1-like receptor agonist
preserved the strength of electrical coupling but reduced the amplitude of IPSPs and IPSCs between FS cells. Our results suggest that
D1-like receptor activation has synapse-specific effects within networks of FS cells, with potential implications for the generation of
rhythmic activity in the neocortex.
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Introduction
Mesocortical dopaminergic projections have an important mod-
ulatory role on circuits of the cerebral cortex with implications
for the formation of working memory and other cognitive pro-
cesses (Brozoski et al., 1979; Goldman-Rakic, 1995). Despite
growing information regarding the effects of dopamine on exci-
tatory synaptic transmission between pyramidal cells (Gao et al.,
2001; Seamans et al., 2001; Gonzalez-Islas and Hablitz, 2003; Onn
et al., 2006), on synaptic excitation of fast-spiking (FS) interneu-
rons (Gao and Goldman-Rakic, 2003), and inhibitory inputs
from various interneuron types onto pyramidal cells (Gonzalez-
Islas and Hablitz, 2001; Gao et al., 2003; Kroner et al., 2007), its
effect on GABAergic transmission between FS cells has not been
studied. FS cells include parvalbumin (PV)-expressing basket
cells that exert a powerful control of firing and synchronization of
activity in many postsynaptic targets (Cobb et al., 1995; Sik et al.,
1995; Tamas et al., 1997). They are extensively mutually intercon-
nected, by both GABAergic and gap junction-mediated electrical
synapses (Kawaguchi and Kubota, 1993, 1997, 1998; Galarreta

and Hestrin, 1999, 2002; Gibson et al., 1999; Tamas et al., 2000).
These properties endow FS cell networks with the ability to gen-
erate gamma frequency (20 – 80 Hz) population oscillations
(Whittington et al., 1995; Hormuzdi et al., 2001; Traub et al.,
2001). Such rhythms, prevalent in the EEG of humans and ani-
mals during attentive states, may provide a temporal structure for
the integration of sensory information (Gray and Singer, 1989).
Because the properties of GABAergic interactions within net-
works of interneurons influences the dynamic and temporal
characteristics of oscillatory activity, discovering whether dopa-
mine modulates synaptic interactions between them is of consid-
erable interest (Traub et al., 1996). Much work also suggests that
gap junction-mediated electrical coupling between interneurons
has an additional supporting role in enhancing the synchrony of
gamma activity (Deans et al., 2001; Hormuzdi et al., 2001; Buhl et
al., 2003) and can also allow networks of FS cells to be sensitive to
the level of coherence of excitatory inputs (Galarreta and Hestrin,
2001). Electrical coupling in several different brain structures
is sensitive to modulation by a variety of neurotransmitters
(O’Donnell and Grace, 1993; Rorig and Sutor, 1996;
Velazquez et al., 1997; Landisman and Connors, 2005). Dopa-
mine in particular can modulate electrical coupling between
retinal cells in which gap junctions are composed of the same
connexin constituents as neocortical FS cells (Hampson et al.,
1992; Belluardo et al., 2000). Thus, dopamine modulation of
the extensively coupled FS interneuron network might have a
profound influence on neocortical circuits and oscillating
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neuronal ensembles (Galarreta and Hestrin, 1999; Amitai et
al., 2002).

The aim of this study was to examine the modulation of both
inhibitory synaptic transmission and gap junction-mediated
electrical coupling between FS interneurons in the frontal cortex
using a selective D1-like dopamine receptor agonist. We discov-
ered that D1-like receptor activation has differential effects on
each type of FS–FS connection. Whereas electrical coupling re-
mained unaffected, GABAergic inhibition between FS cells was
depressed. Thus, D1-like dopamine receptor activation could af-
fect the properties of rhythmic synchronous activity in the
neocortex.

Materials and Methods
Slice preparation and cell identification. FS interneurons were identified in
a mouse line (G42) expressing enhanced green fluorescent protein
(EGFP) under the control of the promoter for glutamic acid decarboxyl-
ase 67 (GAD67) (Chattopadhyaya et al., 2004). Juvenile mice of both
sexes (14 –20 d old) were anesthetized by inhaled isoflurane and were
decapitated. Coronal slices (30° angle), 300 �m thick, were cut in an
ice-cold extracellular solution containing the following (in mM): 18.8
sucrose, 87 NaCl, 2.5 KCl, 1.25 NaH2PO4, 7 MgCl2, 0.5 CaCl2, 26
NaHCO3, 25 glucose, and 0.05 Na2S2O5. After dissection, the slices were
incubated in the same extracellular solution at 31–33°C for 25 min. For
the subsequent incubation period, slices were maintained at room tem-
perature (20 –22°C) in a solution containing the following (in mM): 125
NaCl, 3.5 KCl, 1.25 NaH2PO4, 1 MgSO4, 2 CaCl2, 26 NaHCO3, 20 glu-
cose, 4 lactic acid, 2 pyruvic acid, 0.05 Na2S2O5, and 0.4 ascorbic acid.
Kynurenic acid (1 mM) was included in all solutions during the dissection
and incubation periods. For recording, slices were kept in a submersion-
type recording chamber bathed by an extracellular solution containing
the following (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1 MgSO4, 2
CaCl2, 26 NaHCO3, 20 glucose, 4 lactic acid, 2 pyruvic acid, 0.05
Na2S2O5, and 0.4 ascorbic acid, pH 7.4 (315 mOsm). All extracellular
solutions were continuously bubbled with a gas mixture of 95% O2 and
5% CO2 and applied using a gravity-feed superfusion system with a flow
rate of �5 ml/min.

Fluorescent neurons in layers V and VI of the motor cortex (M1 and
M2) were identified using an upright Axioskop microscope (Zeiss,
Thornwood, NY) equipped with a 40� water immersion lens and a filter
set (500DF25, 525DRLP, and 545AF35) appropriate for EGFP (XF104;
Omega Optical, Brattleboro, VT). Once a fluorescent neuron was se-
lected, it was visualized using infrared differential interference contrast
video microscopy and recorded using conventional patch-clamp tech-
niques (Stuart et al., 1993). EGFP-positive cells that discharged high-
frequency nonadapting spikes in response to threshold current injection
were classified as fast-spiking cells (Kawaguchi and Kubota, 1997). The
input resistance of FS cells was determined by injecting pulses of hyper-
polarizing current (50 pA, 300 ms). Spike amplitudes and afterhyper-
polarization potentials (AHPs) were measured relative to the spike
threshold.

Paired recordings and data analysis. Simultaneous somatic whole-cell
patch-clamp recordings were performed at 32°C using patch electrodes
(3– 4 M�). For experiments in which evoked IPSPs/IPSCs were elicited
between FS cells, the intracellular solution contained the following: 95.4
mM K-methylsulphate, 36 mM KCl, 9 mM HEPES, 4 mM MgATP, 3 mM

GTP, 20 mM creatine phosphate, 0.18 mM EGTA, and 0.3% biocytin, pH
7.3, 295 mOsm. For experiments in which miniature IPSCs (mIPSCs)
were recorded in FS cells, the composition of the intracellular solution
was the following: 117 mM KCl, 9 mM HEPES, 4 mM MgATP, 3 mM GTP,
20 mM creatine phosphate, 0.18 mM EGTA, and 0.3% biocytin, pH 7.3,
295 mOsm. The series resistance (�25 M�) was left uncompensated.
Cells were recorded using two Axopatch 200B amplifiers (Molecular
Devices, Sunnyvale, CA). The voltage and current output were filtered at
5 kHz and digitized at 16 bit resolution (ITC-18; InstruTech, Port Wash-
ington, NY), with a sampling frequency of 10 kHz. Data acquisition and
analysis were performed using Igor software (WaveMetrics, Lake Os-
wego, OR). Recordings of IPSPs/IPSCs and electrical connections were

made after bath application of the AMPA/kainate receptor antagonist
DNQX (10 �M; Sigma, St. Louis, MO). The connectivity of pairs of FS
cells via GABAergic synapses was tested in current-clamp mode by in-
jecting brief (3 ms) current pulses to induce action potentials in each cell.
Because of the high chloride intracellular solution (estimated Cl � rever-
sal potential, approximately �34 mV), IPSPs appeared as depolarizing
voltage deflections. The presence of electrical coupling between pairs of
FS cells was determined by injecting pulses of hyperpolarizing current
into each cell and detecting a change in the membrane voltage of the
non-injected neuron. The coupling coefficient (the ratio of the ampli-
tude of the voltage change in the non-injected cell to that in the injected
cell) was used to assess the strength of electrical coupling under baseline
conditions. The effects of dopamine receptor activation on the synaptic
properties of FS cells were determined by bath applying the D1-like re-
ceptor agonist SKF81297 (6-chloro-2,3,4,5-tetrahydro-1-phenyl-1 H-3-
benzazepine hydrobromide) (Tocris Bioscience, Ellisville, MO) for
10 –20 min. SKF81297 was prepared in DMSO and stored as frozen ali-
quots before use. Sodium metabisulphite (Na2S2O5 at 50 �M) was in-
cluded in all extracellular solutions to reduce oxidation of the D1-like
agonist (Sutor and ten Bruggencate, 1990). Two sets of experiments were
performed to test the effects of the drug on GABAergic inhibition be-
tween FS cells. In the first, both cells were recorded in current-clamp
mode and postsynaptic GABAergic events were recorded as depolarizing
IPSPs. In the second set of experiments, the postsynaptic cell in a pair was
held in voltage clamp, and IPSCs were elicited in response to injection of
current pulses in the presynaptic cell. The percentage of failures of syn-
aptic transmission was determined for each recording by visual inspec-
tion. When testing for the effects of D1-like receptor modulation on the
strength of electrical coupling between FS cells, both cells were held in
voltage-clamp mode at �70 mV. A �30 mV, 300 ms voltage step was
applied to cell 1. The current response in the non-injected cell (cell 2) was
measured, and the strength of the electrical coupling was expressed as
conductance (in nanosiemens) (Gesyn � I/V ). Data are given as mean �
SEM. Statistical significance was tested using a two-tailed paired t test
(Student’s paired t test), and differences were considered significant if
p � 0.05. mIPSCs were recorded in voltage-clamp mode, after bath ap-
plication of DNQX (10 �M) and tetrodotoxin (TTX) (1 �M).

Histology and morphology. To study the morphology of the recorded
neurons, biocytin (0.3%) was included in the pipette solution. Slices
containing biocytin-filled cells were fixed with 4% paraformaldehyde in
0.01 M phosphate buffer and 0.2% picric acid for at least 24 h at 4°C.
Standard avidin– biotin– horseradish peroxidase complex (ABC; Vector
Laboratories, Burlingame, CA) and the 3,3�-diaminobenzidine reaction
procedure were used to visualize the neurons. The slices were mounted in
Mowiol 40-88 medium. Three-dimensional reconstructions of the neu-
rons were done with Neurolucida (MicroBrightField, Willinston, VT)
using a 100� oil immersion objective (numerical aperture 1.4; Zeiss) on
an Axioskop 40 microscope. No correction was made for tissue
shrinkage.

Results
Physiological and anatomical characterization of FS cells
The experiments in this study were performed using acute coro-
nal slices (300 �m thick) prepared from juvenile mice (14 –20 d
old) in which EGFP was expressed under the control of the pro-
moter for GAD67. EGFP-positive cells in the neocortex of these
animals are PV positive, and they comprise a subset (�50%) of all
PV-positive neurons (Chattopadhyaya et al., 2004). Cells were
visualized under infrared video microscopy and somatic record-
ings were made using standard patch-clamp techniques. We re-
corded from 48 EGFP-positive cells in layers V and VI and char-
acterized them electrophysiologically. EGFP cells had a mean
resting membrane potential of �71.8 � 0.6 mV and input resis-
tance of 82.6 � 3.0 M� (n � 48). In response to depolarizing
current injection, most EGFP-positive cells displayed a firing pat-
tern characteristic of FS cells (Kawaguchi and Kubota, 1997).
After just suprathreshold current injection, they fired short ep-
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ochs of mostly rhythmic action potentials at high frequency (Fig.
1B). The mean discharge frequency for bursts of action potentials
at threshold was 99.4 � 9.9 Hz and ranged from 30.4 to 219.0 Hz
(n � 27). The mean burst interspike interval (ISI) was 13.1 � 1.4
ms, and the coefficient of variation (CV) of the ISI was 0.112 �
0.018 (n � 27). Periods of high-frequency discharge were often
followed by a quiescent period devoid of spiking, in which a
rhythmic subthreshold membrane potential oscillation was
sometimes present (Fig. 1B,D). Single action potentials of EGFP
cells had a mean width (at half-height) of 0.24 � 0.01 ms, an
amplitude of 54.9 � 1.0 mV, and were followed by AHPs with a
mean amplitude of 24.0 � 1.0 mV (n � 48) (Fig. 1C). To examine
the morphology of FS cells, EGFP cells were filled with biocytin
and reconstructed (n � 18) (Fig. 1A). All FS cells were found to
resemble basket cells. They possessed aspiny, radial dendrites and
elaborate axonal arbors confined mainly to layers V and VI (Ga-
larreta and Hestrin, 1999).

D1-like receptor activation alters the
intrinsic properties of FS cells
Dopaminergic projections to the rodent
motor cortex show a distinct topography,
with prominent innervation of layers V
and VI (Descarries et al., 1987; Berger et al.,
1991). In keeping with this pattern, the
proportion of GABAergic interneurons ex-
pressing dopamine receptors (both D1 and
D2 types) is much higher in the infragranu-
lar than the supragranular layers (Le
Moine and Gaspar, 1998). D1-like and D2-
like dopamine receptors mediate opposing
effects on the intracellular signaling cas-
cade through their stimulation of Gs- and
Gi-proteins, respectively (Kebabian et al.,
1984). Furthermore, each receptor subtype
possesses a different affinity for dopamine,
and the effects of dopamine on synaptic
interactions of cortical neurons vary ac-
cording to the concentration used (Keba-
bian et al., 1984; Seeman and Van Tol,
1994; Missale et al., 1998; Zheng et al.,
1999; Trantham-Davidson et al., 2004).
Therefore, the use of dopamine or a non-
specific agonist in these experiments
would activate both types of receptors, per-
haps resulting in the physiological effects
from activation of one receptor type can-
celing out those caused by agonism of the
other (Trantham-Davidson et al., 2004).
Parvalbumin-containing fast-spiking in-
terneurons are particularly sensitive to D1-
like receptor activation compared with
calbindin-expressing, low-threshold-
spiking cells, reflecting the preferential ex-
pression of this receptor in the former (Le
Moine and Gaspar, 1998; Muly et al., 1998;
Gorelova et al., 2002; Paspalas and
Goldman-Rakic, 2005; Kroner et al., 2007).
The proportion of PV-immunoreactive
neurons that express the D1 receptor is par-
ticularly high (	60%) in the infragranular
layers. We therefore tested the effects of
D1-like dopamine receptor activation on
the synaptic and electrical interactions of

FS cells in layers V and VI using the D1-like receptor agonist
SKF81297. Bath application of 10 �M SKF81297 depolarized FS
cells by 4.2 � 0.5 mV ( p � 0.001; n � 26) (Fig. 2A,B) (Gorelova
et al., 2002). In keeping with previous studies, the SKF-induced
depolarization showed no sign of recovery during the course of
washout in these experiments (Gorelova et al., 2002). We found
that SKF81297 application also increased the input resistance of
the cell from 100.6 � 5.1 to 110.2 � 6.8 M� ( p � 0.001; n � 26)
(Fig. 2C,D). Although the depolarization and increased input
resistance increases their excitability, the threshold for action po-
tential generation in FS cells did not change ( p 	 0.05; n � 5).

Effect of D1-like receptor activation on electrical coupling
between FS cells
Dopamine receptor activation has been shown to reduce dye-
coupling between connexin 36-containing retinal amacrine cells,
between pyramidal neurons of the juvenile frontal cortex, and

Figure 1. Morphological and physiological characteristics of EGFP-expressing FS interneurons in mouse neocortex. A, Neu-
rolucida reconstruction of a pair of biocytin-filled FS cells that were reciprocally connected by GABAergic synapses and electrically
coupled via gap junctions. Cell 1 axon, Light blue; dendrites, dark blue; cell 2 axon, light red; dendrites, dark red. B, Firing patterns
of each cell in response to low- and high-intensity suprathreshold current injection. C, Single short-duration FS cell action
potential, followed by prominent afterhyperpolarization. D, Expanded trace from hatched box in B showing rhythmic subthresh-
old membrane potential oscillations typical of quiescent periods between epochs of high-frequency discharge. E, ISI for cell 1 from
the middle trace in B.
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between cells in the nucleus accumbens
(Hampson et al., 1992; O’Donnell and
Grace, 1993; Rorig et al., 1995). Previous
work from our laboratory and others has
demonstrated that FS cells are selectively
and highly interconnected by gap junction-
mediated electrical synapses in both juve-
nile and adult mice (Galarreta and Hestrin,
1999, 2002; Gibson et al., 1999). To test
whether pairs of FS cells were electrically
coupled, both cells were initially recorded
in current-clamp mode. In response to a
brief injection of hyperpolarizing current
into one cell, a change in the membrane
potential of the non-injected cell was ap-
parent in pairs that were coupled. We
found that 40.5% of the pairs examined (32
of 79 pairs) were electrically coupled. Elec-
trical coupling was always bidirectional.
The coupling coefficient ranged from 1.9 to
20.4%, with a mean value of 7.7 � 1.0%
(n � 32). To test whether D1-like receptor
activation modulated electrical coupling
between FS cells, we recorded from both
cells in voltage-clamp mode at �70 mV.
We generated a voltage step of �30 mV
alternately in each cell, measured the re-
sulting current in the coupled cell and cal-
culated the electrical conductance (Fig. 3).
The strength of electrical coupling was
tested both before and during application
of SKF81297 (Fig. 3). D1-like receptor acti-
vation had no effect on the strength of elec-
trical coupling. After 15–20 min applica-
tion, the coupling conductance was 95.6 �
8.4% of the control value (baseline, 770.6 �
157.2 pS, p 	 0.05, n � 9; SKF81297,
743.6 � 165.5 pS) (Fig. 3C,D).

Activation of D1-like receptors reduces
inhibitory synaptic strength between
FS cells
We next asked whether activation of D1-
like receptors can modulate the strength of
GABAergic synaptic inhibition between FS
cells. To study the connectivity of FS cells
via GABAergic synapses, we recorded from
pairs of FS cells in current-clamp mode and
evoked unitary IPSPs by generating action
potentials with brief suprathreshold cur-
rent injections in the presynaptic cell. We
found that 30.4% of the pairs examined (24
of 79) were connected by GABAergic syn-
apses. The GABAergic connections were
unidirectional in eight pairs and bidirec-
tional in 16 pairs. In addition to inhibitory
synaptic connections, many pairs of FS cells
were also electrically coupled. Of all the
pairs of FS cells tested, 40.5% (32 of 79)
were electrically coupled. However, 75%
(six of eight pairs) of pairs connected by
unidirectional GABAergic synapses and
100% (16 of 16 pairs) connected by bidirec-

 

Figure 3. Effect of D1-like receptor activation on electrical coupling conductance (Gesyn) between FS cells. A, Individual
experiment in which both FS cells were held in voltage clamp, and the strength of electrical coupling was assessed by producing
a �30 mV voltage step in cell 1 and measuring the resulting current response in cell 2. The postsynaptic current responses are an
average of 76 trials. The amplitude of the postsynaptic current response was unaffected by SKF81297 (SKF) application. B, Time
course of Gesyn with each point representing the mean of nine experiments normalized to the baseline period. C, Graph of group
data showing no significant change in Gesyn between FS cells during SKF application. D, Group data showing the effects of 15 min
SKF81297 on the mean Gesyn for each of nine pairs of FS cells.

Figure 2. Effect of D1-like receptor activation on intrinsic properties of FS cells. A, Experiment showing the effect of the D1-like
receptor agonist SKF81297 (SKF) on the resting membrane potential of an FS interneuron in layer V of the motor cortex. B, Graph
of population data showing mean resting membrane potential of FS cells under baseline conditions and after SKF81297 (n � 26;
**p � 0.001). C, Voltage responses to injection of a 100 pA hyperpolarizing current step reveal a modest increase in input
resistance of FS cells during SKF81297 application. D, Graph of group data displaying input resistance during SKF81297 applica-
tion normalized to the baseline (**p � 0.001; n � 26).
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tional synapses were electrically coupled. Thus, the incidence of
electrical coupling is higher among GABAergically connected FS
interneurons than among those that are not connected. In the
first series of experiments, D1-like receptor activation (5–10 min)
reduced the amplitude of IPSPs in 9 of 11 pairs. Overall,
SKF81297 reduced the IPSP amplitude by 14.9 � 6.0% of base-
line ( p � 0.05; n � 11) from 1.90 � 0.34 to 1.76 � 0.41 mV.

Both the D1-like receptor-mediated changes in neuronal in-
put resistance and membrane potential would affect the ampli-
tude of IPSPs recorded in FS cells. To reduce the confounding
effect of these changes, we made recordings from pairs of FS cells

in which action potentials were generated
in the presynaptic cell under current clamp
and IPSCs were recorded in the postsynap-
tic cell that was held in voltage-clamp mode
at �70 mV (Fig. 4A). The intracellular fill-
ing solution contained 36 mM Cl�, and
thus the IPSCs appeared as inward cur-
rents. Because each of the pairs of FS cells
were also electrically coupled, a brief in-
ward current associated with the spikelet
was seen 0.13 � 0.03 ms after the presynap-
tic action potential (Fig. 4A, marked by an
asterisk). In addition, the appearance of a
negative deflection in the average baseline
current trace before the spikelet reflected
the fact that the presynaptic action poten-
tials were aligned and that the FS cells dis-
charged �0.5 ms earlier during application
of the drug. This previous firing probably
reflected their more depolarized mem-
brane potential (Fig. 4A). The average la-
tency between the peak of the presynaptic
action potential and the peak of the
postsynaptic IPSC was 1.17 � 0.10 ms (n �
6 pairs). Unitary IPSCs evoked by FS cells
onto other FS cells had a peak amplitude of
60.7 � 12.1 pA (conductance, 1.48 � 0.30
nS) and a decay time constant of 2.52 �
0.33 ms (n � 6 pairs).

Similar to the current-clamp experi-
ments, SKF81297 depolarized the FS cells
as indicated by a mean �116.0 � 53.3 pA
increase in the current required to hold the
postsynaptic cells at �70 mV (n � 6).
SKF81297 application for 15–20 min re-
duced the IPSC amplitude by 31.8 � 3.9%
(n � 6). The IPSC amplitude was reduced
from 60.7 � 12.1 pA (conductance, 1.48 �
0.30 nS) to 41.9 � 8.6 pA (conductance,
1.02 � 0.21 nS; n � 6; p � 0.01) (Fig.
4B,D). A reduction in the inhibitory
postsynaptic conductance was obtained in
each of six pairs tested (range of reduction,
18.9 – 43.2%) (Fig. 4C). The reduction in
IPSC conductance appeared to take effect
after only a few minutes with a plateau ap-
parent after 15–20 min application (Fig.
4B). Despite the reduction in IPSC ampli-
tude, the decay time constant of the inhib-
itory events remained unchanged (base-
line, 2.52 � 0.33 ms; SKF81297, 2.58 � 0.27
ms; n � 6; p 	 0.05). In addition to reduc-

ing the peak IPSC amplitude, a significant increase in the CV was
also apparent during SKF81297 application, suggestive of a pre-
synaptic mechanism of action (32.6 � 19.3%; n � 6; p � 0.05).
To further probe the mechanism of GABAergic depression, we
examined the percentage of synaptic failures in response to pre-
synaptic spikes for each pair of FS cells under baseline conditions
and during SKF81297 application. As has been demonstrated
previously, synapses made by fast-spiking interneurons are
highly reliable. Of six pairs of FS cells tested, only one pair exhib-
ited synaptic failures under baseline conditions (failure rate,
5.3%). During D1-like receptor activation, three of six pairs

Figure 4. D1-like receptor activation reduced GABAergic IPSCs between FS interneurons. A, Individual experiment in which
SKF81297 (SKF) reduced the amplitudes of IPSCs between a pair of FS cells. “Pre” denotes the averaged presynaptic action
potentials and “post” the averaged IPSCs recorded during baseline conditions and after 15 min application of SKF81297 (76 traces
averaged for each). The asterisk indicates the spikelet resulting from electrical coupling between the two cells. The presynaptic
spike traces were aligned at their peak in the time axis. SKF81297 depolarized FS cells by several millivolts as can be seen by the
offset of averaged baseline and SKF81297 spikes in the ordinate. As a result of the depolarized membrane potential, FS cells fired
action potentials �0.5 ms earlier during drug application. This explains the apparent negative deflection before the spikelet in
the averaged baseline current trace. B, The time course of the reduction of IPSC amplitudes after application of the drug. Each
point represents the mean of six experiments normalized to the baseline period. Bar denotes SKF81297 application period. C,
Graph showing the effects of SKF81297 on the mean IPSC amplitudes for each of six pairs of FS cells. D, Population data displaying
the mean IPSC amplitude during SKF81297 application, normalized to the baseline amplitude. **p � 0.0005. E, The time course
of experiments in which IPSCs were elicited after blockade of D1-like receptors with SCH23390. Each point represents the mean
of four experiments normalized to the “baseline” period. Bar denotes SKF81297 application period. SCH23390 was applied
throughout the experiment. F, Population data displaying the mean IPSC amplitude during SKF81297 
 SCH23390 application,
normalized to the amplitude under baseline conditions in SCH23390.
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showed failures. Of the three pairs that ex-
hibited failures during SKF81297 applica-
tion, the failure rate was 18.1 � 8.3%
(range, 2.0 –29.8%). The increased inci-
dence of synaptic failures between pairs of
FS cells during SKF81297 application is
further suggestive of a presynaptic mecha-
nism underlying the D1-like receptor-
mediated depression of FS–FS GABAergic
inhibition.

To discount the involvement of non-
receptor-mediated effects of the D1-like ag-
onist in IPSC depression, we performed an
additional series of experiments in which
we applied the D1-like agonist SKF91287
during blockade of D1-like receptors with
the D1-like antagonist SCH23390 [R(
)-
7-chloro-8-hydroxy-3-methyl-1-phenyl-
2,3,4,5-tetrahydro-1H-3-benzazepine hy-
drochloride] (10 �M) (Fig. 4E,F).
SCH23390 application abolished the
SKF81297-mediated depression in IPSCs
between FS cells (IPSC amplitude:
SCH23390, 25.2 � 5.2 pA; SCH23390 

SKF81297, 22.0 � 4.9 pA; p 	 0.05; n � 4).

Activation of D1-like receptors does not
affect mIPSCs in FS cells
Although the increased CV of peak IPSC
amplitudes and failure rate of IPSCs during
SKF81297 application suggested that the reduction in strength of
GABAergic transmission was attributable to a presynaptic effect,
it is possible that an additional postsynaptic mechanism, such as
reduced sensitivity of GABAA receptors, may contribute to some
degree (Flores-Hernandez et al., 2000). To test this mechanism,
we recorded from FS cells using chloride-rich (117 mM Cl�)
internal solution. The cells were held at �70 mV, and we exam-
ined action potential-independent mIPSCs in the presence of
TTX and DNQX (Fig. 5A). Miniature IPSCs in FS cells had a
mean amplitude of 36.3 � 1.5 pA (conductance, 542.6 � 22.6 pS;
n � 5 cells), a single-exponential decay with an averaged time
constant of 2.7 � 0.4 ms (n � 5 cells), and could be blocked by
picrotoxin (n � 2 cells). We found that 15–20 min of SKF81297
application did not produce a change in the peak amplitude of
mIPSCs (SKF81297, 36.0 � 2.5 pA; conductance, 538.4 � 37.8
pS; p 	 0.05; n � 5) (Fig. 5B–D). This result suggests that
SKF81297 does not affect GABAA receptor-mediated events in FS
cells through a postsynaptic mechanism and provides support for
the idea that D1-like receptor-mediated depression of evoked in-
hibitory events between FS interneurons has a presynaptic locus.
SKF81297 application also had no significant effects on the decay
time (SKF81297, 2.8 � 0.4 ms; p 	 0.05; n � 5) or on the fre-
quency (baseline, 4.0 � 1.0 Hz; SKF81297, 5.2 � 1.7 Hz; p 	 0.05;
n � 5) of mIPSCs in FS cells.

Discussion
Our work is the first to report on the dopaminergic modulation
of synaptic and electrical interactions among FS cells. We found
that D1-like dopamine receptor activation increased the excit-
ability of FS interneurons, reduced the amplitude of inhibitory
synaptic events between FS cells, but preserved FS–FS electrical
coupling.

Electrical coupling between FS cells
Our finding that D1-like receptor activation neither reduced nor
enhanced the strength of electrical coupling between FS cells in
the frontal cortex was surprising. A number of previous studies
have reported a dopamine and/or specifically D1-like receptor-
mediated decrement in measures of electrical coupling between
different cell types. A striking example of neurotransmitter mod-
ulation of gap junctions comes from dopamine modulation of
retinal amacrine cells (Hampson et al., 1992). Reduced amacrine
cell coupling has been shown to involve D1-like receptors, eleva-
tion in intracellular cAMP levels, activation of protein kinase A
(PKA), and phosphorylation of the connexin constituents of the
gap junctions (connexin 36) (Hampson et al., 1992; Urschel et al.,
2006). In common with retinal amacrine cells, the main connexin
in neocortical interneurons is also connexin 36 (Belluardo et al.,
2000; Deans et al., 2001), so it might have been expected that
D1-like receptor activation would bring about reduced FS–FS cell
coupling in the present study. Despite their common expression
of connexins and D1 receptors, however, it is possible that the
properties of the receptors, phosphorylation state of the connex-
ins, and activation of intracellular signaling pathways may differ
in these cells. An example of dopamine receptor modulation of
presumed connexin 36-mediated electrical coupling in the neo-
cortex comes from a study in which dopamine reduced the extent
of Neurobiotin-coupled pyramidal cells in the superficial layers
at an early developmental stage (Rorig et al., 1995). An alternative
explanation concerns the potential loss of an intracellular signal-
ing component that is involved in connexin phosphorylation as a
result of the intracellular dialysis inherent to whole-cell patch-
clamp techniques. It should be noted, however, that D1-like re-
ceptor activation in our system affected both FS cell excitability
and synaptic transmission. These data suggest, therefore, that two

Figure 5. Effect of D1-like receptor activation on mIPSCs in FS interneurons. A, Superimposed averaged mIPSC traces in
baseline and in SKF81297 (SKF) (constructed from 1878 and 2820 events, respectively). The mean amplitude and decay time of
mIPSCs was unchanged after drug application. B, Histogram showing amplitude distribution of mIPSCs (with number of events
normalized) for the same cell shown in A. The amplitude distribution of mIPSCs was unaffected by SKF81297. C, Group data
showing the effects of SKF81297 on the mean peak mIPSC amplitudes for each of five FS cells. D, Graph of population data
displaying the mean mIPSC amplitude under baseline conditions and after SKF81297 application.
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signaling mechanisms underlying these effects are not washed
out by the patch-clamp technique.

Depression of GABAergic inhibition between FS cells
The strength of GABAA receptor-mediated inhibition between FS
cells was similar to that seen in other studies (Galarreta and Hes-
trin, 1999; Gibson et al., 1999; Galarreta and Hestrin, 2002). Our
work is the first to report on the effects of dopamine receptor
activation on the amplitude of IPSPs/IPSCs between FS cells. We
found that application of a D1-like agonist reduced IPSCs by
approximately one-third. D1 receptors are present on both pre-
synaptic and postsynaptic compartments of FS cells (Muly et al.,
1998; Paspalas and Goldman-Rakic, 2005), so it is conceivable
that the D1-like receptor-mediated depression of IPSCs could
have a presynaptic site of action, a postsynaptic mechanism, or a
combination of both. Our finding that SKF81297 increased the
coefficient of variation of IPSC amplitudes suggests that activa-
tion of presynaptic D1-like receptors affected the release of GABA
and reduced the amplitude of GABAergic postsynaptic events. In
keeping with previous studies, we found that synapses made by
fast-spiking neocortical interneurons are highly reliable under
normal conditions, perhaps because of the high number of syn-
aptic contacts onto their postsynaptic targets (Xiang et al., 2002;
Zaitsev et al., 2007). However, our finding that SKF81297 appli-
cation increased the incidence of failures of synaptic transmission
in some pairs of FS cells is suggestive of a presynaptic mechanism.
To determine whether activation of postsynaptic D1-like recep-
tors also contributed to the depression of FS–FS IPSCs, we tested
the effects of D1-like activation on the amplitude of action
potential-independent miniature IPSCs. Our finding that the
mean amplitude of mIPSCs was unchanged leads us to reject the
possibility that a postsynaptic effect such as altered sensitivity of
the GABAA receptors contributed to the reduction in FS–FS in-
hibitory synaptic events. A previous study described a D1-like
receptor-mediated increase in FS cell somatodendritic excitabil-
ity that is accompanied by a depression of IPSCs between FS cells
and pyramidal cells (Gao et al., 2003). It has also been shown that
D1-like activation did not change mIPSC frequency (Kroner et
al., 2007). The effects of dopamine receptor activation on
GABAergic transmission in the neocortex are therefore complex,
and it is likely that different mechanisms underlie the D1-like
receptor modulation of evoked and miniature IPSCs. Thus, our
observation of unchanged mIPSC frequency may not preclude a
presynaptic effect. For example, if D1 receptor activation were to
reduce the amplitude of evoked IPSCs by blocking presynaptic
calcium channels and depressing GABA release, it is unlikely that
the frequency of action potential-independent mIPSCs would be
affected (Momiyama and Fukazawa, 2007; Zaitsev et al., 2007).
Additional work will be required to determine the precise nature
of the presynaptic mechanism underlying the suppression of
evoked IPSCs between FS cells. In a variety of different brain
regions, D1 receptor activation has been shown to influence P/Q-
type calcium channels through the activity of PKA, with varying
effects on synaptic transmission (Surmeier et al., 1995; Arias-
Montano et al., 2007; Momiyama and Fukazawa, 2007). In the
striatum, D1 receptor activation stimulates the calcium-
dependent release of GABA through modulation of P/Q chan-
nels, whereas D1 activation in the basal forebrain blocks P/Q-type
channels and depresses glutamate release (Girault et al., 1986;
Floran et al., 1990; Harsing and Zigmond, 1997; Momiyama and
Fukazawa, 2007). In contrast to other classes of interneurons, it is
known that release of GABA from fast-spiking neocortical inter-
neurons is mediated by P/Q-type calcium channels (Zaitsev et al.,

2007). Thus, suppression of P/Q-type channels is a suitable can-
didate mechanism for the D1 receptor-mediated depression of
FS–FS GABAergic inhibition that we observed.

Functional implications
GABAergic synaptic inhibition and gap junction-mediated elec-
trical coupling have each been identified as mechanisms that can
allow for the activity of connected neurons to be tightly synchro-
nized with minimal phase lag (Whittington et al., 1995; Beierlein
et al., 2000; Bartos et al., 2007). Synchronization within networks
of FS cells benefits, however, from the presence of both mecha-
nisms. Networks of FS cells are extensively interconnected by
GABAergic synapses and almost exclusively coupled to each
other via gap junctions. Because the involvement of FS interneu-
rons in generating gamma frequency network activity is generally
accepted, modulation of the strength of either of these connec-
tions may have important effects on neocortical rhythmogenesis
(Traub et al., 1996; Wang and Buzsaki, 1996; Penttonen et al.,
1998). D1-like receptor activation has been shown previously to
decrease the incidence of coordinated network activity in the
neocortex and to depress hippocampal gamma oscillations
(Weiss et al., 2003; Ikegaya et al., 2004). In addition to the depres-
sion of IPSCs between FS cells, any reduction in synchronous
neocortical activity resulting from D1-like receptor activation
could be attributable to an effect on synapses between pyramidal
neurons and/or between pyramidal neurons and FS cells (Gao et
al., 2001, 2003; Gao and Goldman-Rakic, 2003). The values of
FS–FS cell IPSC conductance that we discovered are generally
similar to those used in computational models of gamma fre-
quency network oscillations generated by networks of mutually
interconnected interneurons (Traub et al., 1997, 2001). A key
determinant of the frequency of gamma oscillations generated by
isolated interneuron networks is thought to be the magnitude of
synaptic inhibition between interneurons (Traub et al., 1996).
We therefore suggest that, in addition to possibly diminishing the
amplitude of rhythmic activity, a consequence of D1-like receptor
activation might be an increase in the frequency of network os-
cillations as a result of reduced synaptic inhibition between FS
cells.

The finding that electrical coupling between FS cells was es-
sentially unaffected by D1-like receptor activation may have im-
portant functional consequences. Electrical coupling within net-
works of interneurons has been shown to act synergistically with
GABAergic inhibition to enhance the precision of neuronal firing
(Tamas et al., 2000; Galarreta and Hestrin, 2001; Bartos et al.,
2007). At the network level, both experimental and theoretical
studies have demonstrated that the presence of electrical synapses
between interneuron dendrites can enhance the synchrony of
gamma frequency oscillations generated by networks of inter-
connected interneurons (Hormuzdi et al., 2001; Traub et al.,
2001). The stability and synchrony of gamma oscillations gener-
ated by interneuron networks is known to be affected by varia-
tions in the rate of interneuron discharge, and it is thought that
the deleterious effects of such heterogeneity can be ameliorated
by the ability of FS cells to share tonic excitation via gap junctions
(White et al., 1998). The preservation of electrical coupling be-
tween FS cells during D1-like receptor activation, therefore, al-
lows for the synchrony of network oscillations to be maintained
despite possible changes in its dynamic or temporal characteris-
tics arising from reduced mutual synaptic inhibition. To deter-
mine the effects of D1/D5 receptor activation on the output of
neocortical circuits, much additional work is required. Our work
provides an insight into the effects of dopamine receptor activa-
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tion on the synaptic and electrical interactions of a network of
interneurons with widespread influence on neocortical circuits.
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