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Abstract
Dopamine D4 receptor (D4R) knockout mice (D4R−/−) provide for unique neurochemical studies
designed to understand D4R contributions to dopamine (DA) regulation. In this study, post-mortem
brain tissue content of DA did not differ between D4R+/+ and D4R−/− mice in the striatum (Str) or
nucleus accumbens core (NAc). However, there was a significant decrease (82%) in the content of
3,4-dihydoxyphenylacetic acid (DOPAC), a major metabolite of DA, in the NAc of D4R−/− mice.
Microdialysis studies performed in a region of brain spanning the dorsal Str and NAc showed lower
baseline levels of DA and a significant reduction in KCl-evoked overflow of DA in the D4R−/− mice.
Baseline extracellular levels of DOPAC and homovanillic acid were also significantly lower in the
D4R−/− mice. In vivo chronoamperometric recordings of KCl-evoked release of DA also showed
decreased release of DA in the Str and NAc of the D4R−/− mice. These studies demonstrate a role
of D4Rs in pre-synaptic DA regulation and support the hypothesis that alterations in D4Rs may lead
to diminished DA function.
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1. Introduction
ADHD is one of the most common psychiatric disorders in children and adolescents and is
characterized by inattentiveness, restlessness, impulsiveness, forgetfulness, and
disorganization (Solanto et al., 2001; American Psychiatric Association, 1994). Stimulant
treatment for ADHD patients and current ADHD animal models (like the spontaneously
hypertensive rats) have led some to theorize that there may be dopamine (DA) hypofunction
in ADHD (Sagvolden et al., 2005a; Russell et al., 2005). Recently, the DA D4 receptor (D4R)
has received much attention as a possible contributor to the pathophysiology of ADHD. In both
human and animal studies, the D4R has been implicated in novelty seeking, hyperactivity, and
impaired behavioral inhibition (Benjamin et al., 1996; Ebstein et al., 1996; Zhang et al.,
2001; Falzone et al., 2002; Zhang et al., 2002; Avale et al., 2004), all characteristics of ADHD
(Swanson et al., 1998). One human variant, the DRD4.7 allele, has been shown to have
increased frequency in children and family members with ADHD as compared to the more
common population variant of DRD4.4 (Faraone et al., 2001). Expressed DRD4.7 protein
displays different signaling characteristics including a reduced affinity for DA (about half as
potent) resulting in decreased activity of adenylate cyclase (Van Tol et al., 1992; Asghari et
al., 1995). Another study found a higher rate of errors in transcription and decreased RNA
stability that resulted in lower plasma membrane expression of the DRD4.7 (D’Souza et al.,
2004). Thus, the DRD4.7 may contribute to decreased D4R surface expression and receptor
function in subjects with ADHD.

It has been difficult to study the neurochemical effects of reduced D4Rs because commercially
available ligands for the D4R are nonspecific (Hai-Bin et al., 2005). An alternative approach
to understanding the contribution of D4Rs to aspects of ADHD is the utilization of genetically
engineered mice that lack functional D4Rs, thus exhibiting no surface expression and function
of the D4R, which may be somewhat analogous to the DRD4.7 in humans. Although not
designed as a model for ADHD, D4R deficient mice have been shown to exhibit different
locomotor and novelty seeking responses in various behavioral paradigms. D4R−/− mice
exhibit low levels of exploration in novel situations (Dulawa et al., 1999). In approach/
avoidance conflict paradigms, D4R−/− mice are more hesitant to travel into an open arm of a
maze or lighted area in comparison to their wildtype counterparts (Falzone et al., 2002). It is
thought that both anxiety and low novelty seeking are implicated in the intensity of avoidance
behavior in these mice (Falzone et al., 2002). Baseline locomotor response is not altered in
D4R−/− mice, but in a study by Kruzich et al. (2004), a 1 mg/kg dose of d-amphetamine caused
equivalent changes in locomotion in the D4R−/− mice as compared to the D4R+/+ animals,
while a 3 mg/kg dose of d-amphetamine resulted in significant increases in locomotor activity
in D4R−/− mice. D4R−/− mice have also been shown to be supersensitive to ethanol and higher
doses of psychomotor stimulants when compared to D4R+/+ mice (Rubinstein et al., 1997).
Hyperactivity in D4R−/− animals can also be induced with a 6-hydroxydopamine lesion (Avale
et al., 2004). Thus, the D4R−/− animals exhibit many behavioral changes consistent with
alterations in synaptic DA function.

In these studies, we sought to directly investigate the effects of D4R deletion on regulation of
DA in the Str and NAc through neurochemical studies in D4R−/− and D4R+/+ mice. First, we
used high performance liquid chromatography coupled to electrochemical detection to
determine brain tissue content of DA and its major metabolites in both genotypes. Secondly,
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we used microdialysis methods to measure baseline sample levels of DA, DA metabolites and
both potassium- (KCl) and d-amphetamine-induced release of DA in the Str/NAc of these
animals. Finally, in vivo chronoamperometric studies were performed to measure KCl-evoked
release of DA in the Str and NAc of these animals. These studies indicate that reduction of
D4Rs can result in pre-synaptic alterations in DA neurotransmission.

2. Materials and methods
2.1. Animals

Male mice (3–6 months) descended from the original F2 hybrids of DA D4R−/− mice (129/
SvEv × C57BL/6J; Rubinstein et al., 1997) were derived by backcrossing the heterozygous
(D4R+/−) mouse line for 10 generations (N10). In all experiments, the D4R−/− mice were
compared to litter-matched D4R+/+ animals. For details concerning mutagenesis and
generation of these animals, consult Rubinstein et al. (1997). Mice were group-housed (2–4
per cage) with unlimited access to food and water. Mice were maintained on a twelve hour
light/dark cycle (lights on at 0600 hrs). Protocols for animal use were approved by the
Institutional Animal Care and Use Committee (IACUC), which is Association for Assessment
and Accreditation of Laboratory Animal Care International approved, and all procedures were
carried out in accordance with the National Institutes of Health Guide for Care and Use of
Laboratory Animals.

2.2. Whole Brain Studies of DA and DA metabolite content
The Str and NAc were removed from the brain of adult, N10, litter-matched D4R−/− and D4R
+/+ mice (n=5 per group). The tissue was weighed, processed in pH 4.1 buffer, and DA and
its metabolites were separated by reverse-phase high pressure liquid chromatography and
measured by electrochemical detection (HPLC-EC) using dihydroxybenzylamine (DHBA) as
an internal standard (Glaser et al., 2005). The DA turnover ratio was determined by the
cumulative amounts of 3,4-dihydoxyphenylacetic acid (DOPAC) and homovanillic acid
(HVA) divided by the total DA content [(DOPAC+HVA)/DA]. Changes in DA turnover are
indicative of changes in DA release, uptake and degradation and were described as ratios
(Thiffault et al., 2000). Whole tissue content was expressed in units of ng/g wet weight of
tissue.

2.3. Surgeries for Microdialysis and Chronoamperometric Recordings
Mice were anesthetized using intraperitoneal (i.p.) injections of 12.5% urethane solution (1.25
g/kg) and placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA) fitted with a
Cunningham™and Neonatal Rat Adaptor (Stoelting Co., Wood Dale, IL). A circulating heating
pad (Gaymar Industries, Inc., Orchard Park, NY) coupled to a rectal temperature probe (Yellow
Spring Instrument Co., Yellow Springs, OH) was used to maintain body temperature at 37°C.
The skull overlying the medial cortex was removed bilaterally for recordings in Str and NAc.
For chronoamperometric recordings, an additional hole, remote from the site of surgery, was
drilled for the Ag/AgCl reference electrode.

2.4. Microdialysis Studies of Baseline Levels of DA and Evoked Release of DA
D4R−/− (n=4) and D4R+/+ mice (n=3) were anesthetized and prepared for surgery as described
above. Prior to the experiment, CMA/11 microdialysis probes (2 mm membrane length, 0.24
mm outer diameter) were tested for probe recovery of a standard solution and showed ~10%
recovery of DA, DOPAC and HVA. These pre-tested probes were lowered into the rat brain
to sample both the Str and NAc (Fig. 1.; AP: +1.3, ML: ±1.5, DV: −5.0; Franklin and Paxinos,
1997). Isotonic artificial cerebral spinal fluid (aCSF; 123 mM NaCl, 3 mM KCl, 1 mM
CaCl2, 1 mM MgCl2, 25 mM NaHCO3, 1 mM NaH2PO4• H2O, 5.9 mM Glucose; pH 7.2–7.4)
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was perfused through the probes at a flow rate of 1 μl/min. Following the collection of three
20-minute baseline samples, reverse microdialysis of KCl was performed with isotonic 100
mM KCl (in an altered aCSF buffer: 26 mM NaCl, 100 mM KCl, 1 mM CaCl2, 1 mM
MgCl2, 25 mM NaHCO3, 1 mM NaH2PO4•H2O, 5.9 mM Glucose; pH 7.2–7.4) for 20 minutes,
analogous to Hebert et al. (1996). After one hour of perfusion with aCSF, a 20-minute
stimulation with reverse microdialysis of 25 μM d-amphetamine in aCSF was performed. The
dose of d-amphetamine used in this study is supported by a similar experiment in C57BL\6J
mice where 25 μM d-amphetamine was projected to produce a measurable amount of DA
overflow in the nucleus accumbens (Auclair et al., 2002). Each dialysis sample (~20 μl/20 min)
was analyzed using HPLC-EC. Samples were separated using a Keystone Scientific reverse
phase column (zC18 Nucleosil) with a citrate/acetate mobile phase (pH 4.0 – 4.1) delivered at
a flow rate of 2.0 ml/min (Stanford et al., 2001). An ESA Coulochem II detector was used with
detector 1 set at +350 mV and detector 2 set at −250 mV. No attempt was made to use dialysis
samples for absolute extracellular DA or DA metabolite levels. Data were analyzed by
comparing D4R−/− to D4R+/+ samples to determine changes in DA levels and metabolites,
baseline DA levels, and the response to KCl or d-amphetamine.

2.5 Chronoamperometric Recordings of KCl-Evoked Release of DA
High-speed chronoamperometric measurements were performed using the FAST-12 system
(Quanteon, L.L.C., Nicholasville, KY). Briefly, square wave potentials (applied, +0.55 V;
resting, 0.0 V; versus Ag/AgCl reference) were applied to Nafion-coated carbon
microelectrodes for 100 ms and repeated at a frequency of 5 Hz. Resulting oxidation and
reduction currents were continually recorded and averaged to 1 Hz. In all recordings, the ratio
of reduction to oxidation current (redox ratio) was used to confirm the detection of DA
(Gerhardt and Hoffman, 2001; Glaser et al., 2005).

2.5.1. Carbon Fiber Electrode Preparation and In Vitro Calibration—Single carbon
fiber electrodes (SF1A; 30 μm o.d. X 100 μm length; Quanteon, L.L.C., Lexington, KY) were
used for recordings. They were coated with Nafion® prior to in vivo studies (Aldrich Chemical
Co., Milwaukee, WI) and were calibrated in vitro to determine selectivity, sensitivity, limit of
detection, and redox ratio (Gerhardt et al., 1984; Gerhardt and Hoffman, 2001). The selectivity
for DA of all electrodes used in these experiments was ≥450:1 for DA versus DOPAC. The
detection limit for the measurements of DA averaged 38.0 ± 4.7 nM. The average redox ratio
was 0.720 ± 0.03 (mean ± SEM), which is indicative for DA (Gerhardt et al., 1984; Hebert and
Gerhardt 1998). The calibrated single carbon fiber electrode was then affixed to a micropipette
(12–15 μm o.d.) positioned 230–260 μm from the carbon fiber electrode tip using Kerr Brand
sticky wax. The micropipette was filled with filtered isotonic KCl solution (120 mM KCl, 29
mM NaCl, 2.5 mM CaCl2•2H2O) using a 4 inch pulled needle and 1 cc syringe. The pH was
adjusted to 7.2–7.4.

2.5.2. In vivo Experimental Protocol—D4R+/+ and D4R−/− (n=4, 3–6 months old) mice
were anesthetized and prepared according to the surgical procedures described above (section
2.3.). The electrode–micropipette assembly was positioned into the brain according to the
following stereotaxic coordinates where all anterior–posterior (AP) measures were from
bregma, medial–lateral (ML) measures were from midline and dorsal–ventral (DV) measures
were from dura: +1.2 mm AP; +/−1.2 mm ML; +2.5–+4.5 mm DV (Franklin and Paxinos,
1997).

2.5.3. KCl-Induced Release of DA—KCl was locally applied by pressure ejection (5–25
psi for 1 s) into the Str and NAc. The volume of KCl delivered (10–150 nl) was measured by
determining the amount of fluid ejected from the micropipette using a dissection microscope
fitted with an eyepiece reticule that was calibrated so that 1 mm of movement was equivalent
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to ~250 nl of fluid ejected (Cass et al., 1992; Friedemann and Gerhardt, 1992). Experiments
were initiated with the insertion of a micropipette-microelectrode assembly into a
stereotactically selected region of the Str or NAc. Once a steady-state signal was achieved, the
effects of a single local application of KCl solution on DA release and uptake kinetics were
determined (Gerhardt et al., 1985; Gerhardt et al., 1986; Gerhardt et al., 1987; Gerhardt and
Palmer, 1987; Luthman et al., 1993; Cass et al., 1993a). Data regarding chronoamperometric
recordings were volume matched between 75 and 150 nl prior to data analysis to investigate
the same amount of KCl stimulation in the D4R−/− and D4R+/+ animals. Parameters included
for analysis were amplitude, amplitude/nanoliter, rise time (Tr), time of 80% decay (T80), and
uptake rate (the amount of DA cleared per second). DA uptake data were fit to a first order
decay rate, which is calculated by taking the slope (following maximum amplitude) of the
linear regression of the natural log of the recorded data over time (this is the rate constant and
is referred to as k−1; units = seconds−1) and by multiplying the rate constant by the maximum
DA amplitude (uptake rate = μM/s; Hascup et al., 2006).

2.6. Drugs
Urethane and d-amphetamine sulfate were obtained from Sigma (St. Louis, MO). Dopamine,
HVA, and DOPAC were obtained from Aldrich (Milwaukee, WI).

2.7. Histology
Brains were removed and processed for histological evaluation of microelectrode recording
tracts. Only data from histologically confirmed placements of microelectrodes into the Str and
NAc were used for final data analysis. No data recordings were rejected in these studies based
on poor stereotactic placement of the microelectrodes or microdialysis probes.

2.8. Data Analysis
For whole tissue content studies, data were analyzed using an unpaired, 2-tailed Student’s t-
test. An ANOVA with Bonferroni’s post hoc tests was used to analyze the reverse microdialysis
studies of both KCl- and d-amphetamine-evoked DA overflow in the D4R−/− and D4R+/+
animals. Baseline levels of DA, DOPAC, and HVA between genotypes at individual points
were analyzed an unpaired, 2-tailed, Student’s t-test. Electrochemical measures of the
amplitudes of KCl-evoked DA release signals, rise times (Tr), 80% decay times (T80), and
rate of DA uptake were analyzed using an unpaired, 2-tailed Student’s t-tests. In all
experiments, statistical significance was defined as p<0.05.

3. Results
3.1. Whole Tissue Content of DA and DA Metabolites in D4R−/− and D4R+/+ mice

Whole brain tissue analysis was used to establish if the total tissue content of DA and DA
metabolites in the Str and NAc were changed as a result of D4R deletion. Whole tissue DA
content was very similar between genotypes (see Fig. 2) in the Str (D4R+/+ 9248 ± 662 ng/g
vs. D4R−/− 9032 ± 820 ng/g; n=5 animals per group) and the NAc (D4R+/+ 4028 ± 894 ng/g
vs. D4R−/− 4009 ± 536 ng/g). In addition, the whole tissue content of the major DA metabolite,
DOPAC, was similar between genotypes in the Str (D4R+/+ 1577 ± 114 ng/g vs. D4R−/− 1495
± 101 ng/g). However, of particular note was a dramatic 82% reduction seen in DOPAC tissue
content in the NAc of the D4R−/− mice (D4R−/− 226 ± 22 ng/g vs. D4R+/+ 1,286 ± 292 ng/
g; p<0.001). By contrast whole tissue content of the DA metabolite, HVA, was similar between
genotypes in both the Str (D4R+/+ 1337 ± 110 ng/g vs. D4R−/− 1293 ± 78 ng/g) and NAc
(D4R+/+ 1110 ± 326 ng/g vs. D4R−/− 889 ± 83 ng/g). The DA turnover ratios, defined as
[(DOPAC + HVA)/DA], were significantly lower in the NAc of D4R−/− mice in comparison
to D4R+/+ mice (D4R−/− 0.27 ± 0.02 vs. D4R+/+ 0.64 ± 0.07; p<0.05; see Fig. 2), which was

Thomas et al. Page 5

J Neurosci Methods. Author manuscript; available in PMC 2009 June 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



likely due to the lower DOPAC content seen in the NAc of the D4R−/− mice. Thus, analysis
of DA and DA metabolites showed no differences in Str but a significant 82% decrease of
DOPAC in the NAc of D4R−/− mice.

3.2. Microdialysis studies of DA Release in Str and NAc of D4R−/− and D4R+/+ mice
Using intracranial microdialysis, we compared baseline levels of DA and DA metabolites, and
stimulus-evoked overflow of DA in the Str/NAc of D4R+/+ and D4R−/− mice. Of particular
note in these studies is that the data represent measures with the dialysis tip of the probe
spanning from the dorsal Str to the NAc (Str/NAc; see Fig. 1). Baseline levels of DA were
significantly lower by ~74% in D4R−/− mice in comparison to the D4R+/+ animals (D4R−/−
0.96 ± 0.11 nM vs. D4R+/+ 3.67 ± 0.64 nM; p<0.001) (see also inset of Fig. 3). Reverse
microdialysis stimulation with KCl caused a significant increase in DA levels in both groups
(p<0.001). However, evoked release of DA by KCl in the Str/NAc was significantly lower by
~65% in D4R−/− mice compared to the D4R+/+ mice (D4R−/− 77.7 ± 27.0 nM vs. D4R+/+
222.2 ± 34.0 nM p<0.05; See Fig. 3). Reverse microdialysis of aCSF with 25 μM d-
amphetamine (d-AMPH) provided results that were inconclusive. Although d-AMPH caused
significant DA overflow in the D4R−/− mice (n=4; p<0.01), the overflow was not significant
in the D4R+/+ mice (n=3; p=0.07). There was no difference in DA overflow between D4R+/
+ and D4R−/− following stimulation with 25 μM d-AMPH (Fig. 3), despite a trend for increased
release in the D4R+/+ mice. The lack of conclusive results may reflect the small sample size,
large variability, or need for increased concentrations of d-amphetamine. Taken together, the
data support large reductions in basal DA and KCl-evoked DA in the D4R−/− mice.

Aside from DA, we also studied the major extracellular metabolites of DA in the Str/NAc by
microdialysis. Baseline extracellular levels of DOPAC were significantly lower in the D4R−/
− mice by ~34% compared to levels measured in D4R+/+ mice (D4R−/− 153.0 ± 8.4 nM vs.
D4R+/+ 230.8 ± 17.7 nM; p<0.001; see inset to Fig. 4). Specifically, baseline DOPAC levels
were lower in D4R−/− mice at the individual time marks of 40 and 60 minutes (p<0.05 for
both; Fig. 4). DOPAC levels significantly decreased from baseline in both genotypes after
application of KCl but not d-AMPH (D4R+/+ p<.05; D4R−/− p<0.01) (Fig. 4). Extracellular
levels of DOPAC after KCl or d-AMPH stimulation were not significantly different between
the genotypes. The D4R−/− mice also showed ~40% lower baseline sample levels of HVA
(D4R−/− 222.3 ± 10.2 nM vs. D4R+/+ 376.7 ± 33.1 nM; p<0.001; see Fig. 5), while changes
of HVA measures due to KCl- or d-AMPH applications did not differ between the genotypes
(Fig. 5). Thus, baseline levels of both DOPAC and HVA were significantly lower in the D4R
−/− animals.

3.3. In Vivo Chronoamperometric Measures of DA release in D4R−/− and D4R+/+ mice
We used high-speed chronoamperometry to study second-by-second release of DA in the Str
and NAc of the D4R−/− and D4R+/+ mice. This technology has excellent time resolution, high
sensitivity, and good selectivity in order to efficiently measure potential changes in DA release
kinetics as a result of D4R deletion. Local application of KCl produced robust DA overflow
in the Str and NAc of D4R−/− and D4R+/+ mice. However, the D4R−/− mice were seen to
release ~38% less DA than the D4R+/+ mice (D4R−/− 2.58 ± 0.51 μM vs. D4R+/+ 4.17 ± 0.50
μM; n=4 animals per group; p< 0.05; Fig. 6B). Traces of KCl-evoked DA signals are shown
in Figure 6A. The average amount of DA released per nanoliter of KCl applied was also
significantly reduced by ~43% in the D4R−/− animals (D4R−/− 0.024 ± 0.0050 μM DA/nl
KCl vs. D4R+/+ 0.042 ± 0.0055 μM DA/nl KCl; p< 0.05). These data are consistent with
microdialysis data demonstrating a lower KCl-evoked DA overflow. The kinetic parameters
of the KCl-evoked DA signals were also compared between the two genotypes. The rise time
(D4R+/+ 25.0 ± 2.0 s vs. D4R−/− 22.5 ± 2.5 s) and 80% decay time (D4R+/+ 68.4 ± 4.2 s vs.
D4R−/− 67.7 ± 5.3 s; respectively) of the signals were both unchanged. However, the uptake
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rate was significantly slower in D4R−/− mice (D4R−/− 0.006 ± 0.002 μM/s vs. D4R+/+ 0.022
± 0.005 μM/s; p<0.05) (Fig. 6B). Previous studies suggest this observed difference in uptake
may be due in part to the lower amplitude of the D4R−/− signals, but changes in DAT function
and number are also a possibility (Hebert et al., 1996;Zahniser et al., 1999). Taken together,
the chronoamperometric studies support that KCl-evoked release of DA in the Str and NAc
are significantly reduced in the D4R−/− mice.

4. Discussion
In these studies we tested the hypothesis that the D4R is involved in DA regulation by
comparing measures of DA neurotransmission in D4R−/− and litter-matched D4R+/+ animals.
Whole tissue content of DA and DA metabolites indicated that DA was unchanged, yet DOPAC
content and the DA turnover ratios were significantly lower in the NAc of D4R−/− mice.
Microdialysis studies showed significantly decreased baseline levels of DA, DOPAC and HVA
as well as lower levels of KCl-evoked DA release in the Str/Nac of D4R−/− animals.
Chronoamperometric measures also showed a similar decrease in KCl-evoked DA release in
the Str and NAc. Taken together, these data support a role for D4Rs in the regulation of basal
DA levels, DA metabolism and release of DA in the ventral striatum and NAc.

In the analysis of the brain tissue samples we saw ~82% lower content of DOPAC only in the
NAc of D4R−/− mice as compared to D4R+/+ animals. By contrast, these microdialysis studies
showed a ~32% decrease in baseline DOPAC levels in the D4R−/− mice. It is also interesting
that we saw ~ 40% lower baseline HVA level in D4R−/− mice, while the whole tissue content
showed no significant differences in HVA. The apparent discrepancy between the
microdialysis data and the whole tissue content data is most likely due to the fact that the
microdialysis probe spanned between Str and the NAc (see Fig. 1). Also, the microdialysis
studies only sample extracellular levels while the tissue studies measure both intracellular and
extracellular compartments. It should also be noted that we used an anesthetic during
microdialysis studies and no anesthesia was used prior to whole tissue collection. Although
DA levels are not as likely to be affected by urethane anesthesia (Sabeti et al., 2003), regulatory
neurotransmitters like glutamate are reduced (Rutherford et al., 2006), which may affect the
regulation of DA metabolism. These discrepancies are possible explanations for why we saw
differences in our tissue studies in comparison to microdialysis measures. However, the tissue
data support that DA regulation may be most affected in the ventral Str and NAc of D4R−/−
mice.

The microdialysis data indicated significantly lower baseline levels of DA (and DA
metabolites) as well as lower KCl-evoked release of DA. These data were collected in the Str/
NAc. The current developmental theories converge on the hypothesis surrounding
hypofuctionality of DA in the etiology of ADHD (Sagvolden et al., 1998; Sagvolden et al.,
2005b; Grace 2001; Solanto et al., 2001; Costellanos et al., 2002; Biedermann and Faraone
2002). Hypofunction of DA in the limbic circuit is believed to affect ADHD behavior by
decreasing reinforcement and extinction behaviors resulting in ADHD characteristics like
impulsiveness, hyperactivity in novel situations, inattentiveness and failure to inhibit response
(Sagvolden et al., 2005b). Furthermore, DA hypofunction in the nigrostriatal pathway is
hypothesized to result in alterations in coordination and learning habits (Sagvolden et al.,
2005b). Our data indicate that dysfunction in the D4Rs could contribute to this hypofunctional
DA scenario. However, the mechanism(s) by which the D4R could regulate these states is not
understood and needs to be more fully investigated.

In the chronoamperometric studies we saw a significant reduction in the amplitude of KCl-
evoked DA release in the D4R−/− mice, which complemented the microdialysis findings. In
addition, we saw a decrease in DA uptake rate. Take together, these data could also be explained
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as an increase in the surface expression of the DA transporter (DAT) on the surface of DA
nerve fibers (Cass et al., 1993b). However, if DATs were increased in surface expression, we
may expect to see similar or greater amounts of DA metabolites in our microdialysis studies.
Extracellular levels of both DOPAC and HVA were significantly decreased in the D4R−/−
mice supporting the hypothesis that these levels are related to lower DA release in the D4R−/
− animals. Take together, these data support the hypothesis that DAT is not likely affected by
D4R deletion but further studies are needed to determine surface expression and whole tissue
protein levels of DAT in these animals.

The changes in DA release patterns measured in these experiments indicate alterations in
presynaptic DA regulation. Although there is support for the presynaptic localization of D4R
in the Str and NAc of glutamate nerve endings, very little data support that presynaptic D4Rs
are located on DA projections from the ventral tegmental area or substantia nigra pars compacta
(Svingos et al., 2000; Berger et al., 2001; Rubinstein et al., 2001; Rivera et al., 2002). Possible
explanations for D4R deletion affecting a presynaptic mechanism is that retrograde transport
of either arachidonic acid (AA) or nitric oxide (NO) may be affected, which can cause changes
in DA neurotransmission and metabolism. Arachidonic acid is modulated by D4Rs and has
been shown to change presynaptic DA release (in CHO cell lines) (Chio et al., 1994; Nilsson
et al., 1998; L’hirondel et al., 1999). Deletion of D4R would result in less AA release. West,
Galloway and Grace (2002) have shown that NO signaling pathways can also modulate DA at
the level of the terminal in a retrograde fashion and is thought to be involved in basal ganglia
regulation, although how D4R deletion would affect NO transport is unknown. Thus,
alterations in the presynaptic regulation of DA may be related to alterations in postsynaptic
second messengers, which need to be investigated in these animals.

The D4R has been localized to postsynaptic neurons in the prefrontal cortex, ventral pallidum,
Str, nucleus accumbens, thalamus, amygdala, and cerebellum (mice only) (Noain et al.,
2006; Cooper et al., 2003; Mrzljak et al., 1996; Ariano et al., 1997; Tarazi et al., 2004; Gan et
al., 2004). Of relevance to our current data is the presence of D4R on glutamatergic neurons
in the PFC that project to the ventral Str and NAc and thus may mediate the firing of GABAergic
medium spiny neurons (MSNs) (Mrzljak et al., 1996). MSNs project to the globus pallidus
(GP) and then to the thalamus, thus regulating excitatory feedback on pyramidal cells in the
PFC (Noain et al., 2006; Mrzljak et al., 1996). Alterations in Glu firing may have presynaptic
effects on DA neurotransmission and postsynaptic effects on medium spiny neuron (MSN)
firing. Further studies are needed to determine the resulting effects of the loss of D4R function
on neuronal circuitry in these animals.

One caveat of transgenic mice is that compensatory effects on non-DA systems may be
contributing to the neurochemical effects that we measured. The D4R−/− mice have been found
to have increased expression of DA D1 receptors (D1R) (+42%) and NMDA receptors (+40%)
within the Str. Likewise, increased D1R (+39%) and NMDA (+31%) receptors in the NAc
were also seen in D4R−/− mice in comparison to D4R+/+ animals. There were no changes in
the amounts of DA D2 receptors (D2R), AMPA, or kainate receptors between genotypes (Gan
et al., 2004). By contrast, another study showed that D4R−/− mice expressed a 9-fold increase
of D2Rs in the high affinity state in comparison to D2Rs in the low affinity state while the
D2R protein levels remained similar in both genotypes (Seeman et al., 2005). It has been shown
that high affinity D2Rs tend to be autoreceptors (Cooper et al., 2003). The compensatory effects
on DA neurotransmission resulting from increased levels of D1, NMDA, and D2-high affinity
receptors could be contributing to the findings reported in this paper and need to be further
investigated.

In summary, we have investigated DA neurotransmission in mice genetically altered to lack
D4R expression. We have demonstrated decreases in baseline levels of DA, DOPAC and HVA,
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KCl-evoked DA release, but no alterations in whole tissue content of DA. However, a highly
significant reduction in DA metabolism, through reductions in DOPAC was observed in the
NAc. These studies support the role of D4Rs in both pre- and post-synaptic DA regulation and
suggest that alterations in D4Rs may lead to diminished DA function.
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Fig. 1.
Figure showing microdialysis probe placement within the mouse Str and NAc. The 2 mm
dialysis probe spanned from the dorsal Str to the NAc (modified from Franklin and Paxinos,
1997).
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Fig. 2.
Bar graphs showing whole tissue content of DA and DA metabolites in the Str and NAc of
D4R−/− and D4R+/+ mice. DA content in the Str and NAc was unchanged, but DOPAC content
was greatly decreased in the NAc of D4R−/− mice (**p<0.01; *** p<0.0001). Data are
expressed in ng/gram wet weight of tissue. The error bars represent S.E.M.
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Fig. 3.
Graph showing effects of reverse microdialysis with KCl or d-AMPH stimulation on
extracellular levels of DA in the Str/NAc of D4R−/− and D4R+/+ mice. KCl-evoked DA
release was significantly decreased in the D4R−/− mice in comparison to D4R+/+ animals. At
individual time points of 40 and 60 minutes, baseline DA levels were significantly lower in
the D4R−/− mice (#p<0.05 and ##p<0.01); the inset shows that the combined baseline DA
levels in the D4R−/− mice are significantly lower than those in the D4R+/+ mice (*p< 0.05,
***p< 0.001). The error bars represent S.E.M.
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Fig. 4.
Graph showing extracellular measures of DOPAC resulting from reverse microdialysis with
KCl or d-AMPH stimulation in the Str/NAc of D4R−/− and D4R+/+ mice. Although DOPAC
was significantly decreased in both genotypes as a result of KCl treatment, there were no
significant differences in the amount of DOPAC reduction between genotypes. At individual
time points of 40 and 60 minutes, baseline levels of DOPAC were significantly lower in D4R
−/− mice (#p<0.05); the inset shows that combined baseline DOPAC levels were significantly
lower in the D4R−/− mice (*p< 0.05, ***p< 0.001). The error bars represent S.E.M.
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Fig. 5.
Graph showing extracellular measures of HVA resulting from reverse microdialysis with KCl
or d-AMPH stimulation in the Str/NAc of D4R−/− and D4R+/+ mice. Although HVA
significantly decreased in both genotypes as a result of KCl treatment, there were no significant
differences in the amount of HVA reduction between genotypes. At the individual time points
of 20, 40, and 60 minutes, baseline levels of HVA were significantly lower in D4R−/− mice
(#p<0.05); the inset shows that combined baseline HVA levels were significantly lower in the
D4R−/− mice (***p< 0.001). The error bars represent S.E.M.
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Fig. 6.
Graphs showing KCl-evoked DA release measured by in vivo chronoamperometric recordings
in the Str and NAc of D4R−/− and D4R+/+ mice. A) Graph A shows traces of KCl-evoked
DA release in the D4R−/− mice compared with D4R+/+ animals. KCl was locally applied by
pressure ejection at the arrow to induce DA release. B) The bar graph in B (left side) shows
volume matched KCl-evoked DA release data from the Str and NAc of D4R−/− and D4R+/+
mice. A significantly lower amplitude of DA release was seen to be produced by the same
volume of KCl solution in the D4R−/− mice as compared to the D4R+/+ mice (*p<0.05). The
bar graph in B (right side) shows that there was a significant decrease in the rate of DA uptake
in the D4R−/− mice (*p<0.05). The error bars represent S.E.M.
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