
D4 Receptor Activation Differentially Modulates Hippocampal Basal and Apical Dendritic
Synapses in Freely Moving Mice

Shi-Bin Li1,2, Dan Du1,2, Mazahir T. Hasan1,3 and Georg Köhr1,2

1Department of Molecular Neurobiology, Max-Planck-Institute for Medical Research, 60120 Heidelberg, Germany, 2Current
Address: Physiology of Neural Networks, Psychiatry/Psychopharmacology, Central Institute of Mental Health, J5, Heidelberg
University, Mannheim 68159, Germany and 3Current Address: NeuroCure Cluster of Excellence, Charité-Universitätsmedizin,
Berlin 12101, Germany

Address correspondence to Dr Georg Köhr, Physiology of Neural Networks, Psychopharmacology/Psychiatry, Central Institute of Mental Health,
J5, 68159 Mannheim, Germany. Email: georg.koehr@zi-mannheim.de

Activation of D4 receptors (D4Rs) has been shown to improve cogni-
tive performance, potentially affecting synaptic strength. We investi-
gated the D4R agonist PD 168077 (PD) in hippocampal CA1 of freely
moving mice. We electrically stimulated in stratum oriens (OR) or ra-
diatum (RAD) and evoked local field potentials (LFPs). Intraperitone-
ally injected PD dose-dependently and reversibly attenuated LFPs for
longer time in basal (OR) than apical (RAD) dendrites. High-frequency
stimulation induced LTP that was stronger and more stable in OR
than RAD. LTP lasted at least 4 h during which the paired-pulse ratio
remained reduced. A PD concentration not affecting synaptic trans-
mission was sufficient to reduce LTP in OR but not in RAD. A PD con-
centration reducing synaptic transmission reduced the early phase
LTP in OR additionally and the late phase LTP in RAD exclusively. Fur-
thermore, cell type-specific expression of mCherry in DATCre mice
generated fluorescence in dorsal CA1 that was highest in lacunosum
moleculare and similar in OR/RAD, indicating that midbrain dopamin-
ergic fibers distribute evenly in OR/RAD. Together, the D4R-mediated
modulation of hippocampal synaptic transmission and plasticity is
stronger in OR than RAD. This could affect information processing in
CA1 neurons, since signals arriving via basal and apical afferents are
distinct.
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Introduction

Dopamine (DA) is the predominant catecholamine neurotrans-
mitter in the mammalian brain, where it controls a variety of
functions including locomotor activity, cognition, emotion,
positive reinforcement, food intake and endocrine functions
(Missale et al. 1998; Beaulieu and Gainetdinov 2011; Lisman
et al. 2011). In recent years, evidence accumulated that hippo-
campal D1-like receptors (D1/5R) are involved in learning and
memory (Moncada and Viola 2007; Rossato et al. 2009; Wang
et al. 2010), in particular for associative learning (Ortiz et al.
2010) and the formation of long-lasting, e.g., episodic memories
(>4 h) (Bethus et al. 2010). Requirement of DA for spatial and
contextual information processing seems to apply to human
beings as well, as levodopa dose-dependently improved the per-
formance of elderly persons in an episodic memory paradigm at
least for 6 h (Chowdhury et al. 2012).

Many pharmacological experiments have addressed the
dopaminergic modulation of synaptic transmission and plasti-
city in the hippocampus, mainly in apical dendrites. Record-
ings in distinct CA1 layers demonstrate DAergic modulation
of the direct cortical pathway to CA1 in stratum lacunosum mo-
leculare (SLM) with a possible contribution from inhibitory

networks (Otmakhova and Lisman 1999; Ito and Schuman
2007). At the Schaffer collateral synapses in RAD, D1/5R acti-
vation increases the magnitude of early phase (mins) long-term
potentiation (LTP) (Otmakhova and Lisman 1996) and stabi-
lizes late phase LTP (h) in vitro (Frey et al. 1988, 1993; Huang
and Kandel 1995; Navakkode et al. 2012) and in vivo
(Swanson-Park et al. 1999; Lemon and Manahan-Vaughan
2006). In contrast, the effects of D2-like receptors (D2R, D3R,
D4R) have been less well explored. Still, D2-like receptor ago-
nists can reduce basal synaptic transmission in CA3–CA1
synapses in rat slices (Huang and Kandel 1995) and in perfor-
ant path-dentate gyrus granule cell synapses in freely moving
rats (Manahan-Vaughan and Kulla 2003). Recently, we found
that the D4R agonist PD168077 (PD) impairs NMDA receptor-
dependent early phase LTP in oriens (OR) but not in radiatum
(RAD) by reducing the NMDA currents during LTP induction
in mouse hippocampal slices (Herwerth et al. 2012). It is
important to investigate this input difference in vivo, since
basal and apical CA1 dendrites are differentially innervated, re-
ceiving distinct information via recurrent collaterals of CA1
neurons, via ipsilateral CA2 neurons, via ipsi- and contralateral
CA3 neurons and via the alvear group of entorhinal afferents
(Dong et al. 2008; Neves et al. 2008; Shinohara et al. 2012;
Takács et al. 2012). Behaviorally relevant signals arriving in
CA1 are modulated by DARs including D4Rs whose deficiency
in knockout mice exhibit reduced exploration of novel stimuli
(Dulawa et al. 1999) and whose activation via agonist improves
cognitive performance (Bernaerts and Tirelli 2003; Sood et al.
2011). Furthermore, PD dampens cognitive dysfunction in an
animal model relevant to schizophrenia (Sood et al. 2011), sug-
gesting the involvement of D4Rs also in other cognitive deficit
symptoms including attention-deficit hyperactivity disorder and
autism (Furth et al. 2013).

Lisman and Grace developed the concept that the hippo-
campus and the midbrain dopaminergic neurons of the ventral
tagmental area (VTA) form a functional loop, which controls
information entry into long-term memory (Lisman and Grace
2005). Besides dopaminergic inputs arising from VTA (Scatton
et al. 1980; Gasbarri et al. 1994; Gasbarri et al. 1997), nora-
drenergic inputs originating from locus coeruleus may also
release DA within the hippocampus (Smith and Greene 2012).
To extend our previous attempts to examine the distribution of
VTA/substantia nigra (SN) fibers in hippocampal CA1, which
had used a reporter mouse that expresses EGFP in dopamin-
ergic fibers (Herwerth et al. 2012), we now expressed mCherry
specifically in the dopaminergic neurons in the VTA/SN of
DATCre mice (Parlato et al. 2006).

© The Author 2014. Published by Oxford University Press. All rights reserved.
For Permissions, please e-mail: journals.permissions@oup.com

Cerebral Cortex February 2016;26:647–655
doi:10.1093/cercor/bhu229
Advance Access publication September 30, 2014

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/26/2/647/2366660 by guest on 20 M

arch 2024



Our present work in freely moving mice investigated the
function of D4Rs on basal synaptic transmission in hippocam-
pal CA1 both in OR and RAD and also examined the modulation
of LTP by a D4R agonist in both pathways. At the same time, we
monitored paired-pulse ratio (PPR) changes to consider the in-
volvement of pre/postsynaptic mechanisms. Furthermore, the
VTA/SN originated dopaminergic fibers terminating in dorsal
hippocampus were quantified in CA1 sublayers in DATCre mice.

Materials and Methods
Experimental procedures were in accordance with the animal welfare
guidelines of the Max Planck Society, the Regional Board Karlsruhe
(35-9185.81/G-273/12), and the “European Union’s Directive 86/609/EEC.”

Animals, Surgery, and Implantation of Electrodes
Seven-week-old C57BL/6N mice were deeply anesthetized with a
mixture of Ketamine and Xylazine (K/X mixture; Ketamine, 65 mg/kg,
Xylazine, 14 mg/kg). After injection, mice were placed in a stereotaxic
frame. The distance (D) between bregma and lambda was measured
after opening the scalp and removing the soft tissue with 15% H2O2.

Two mini-screws were fixed above the cerebellum. One served as
reference and the other one served as ground wire. The positions for a
bipolar stimulation electrode and two recording electrodes were
marked on the same hemisphere according to the stereotaxic coordi-
nates (Paxinos and Franklin, 2001). Due to differences in D, the pos-
ition of the stimulation (S) electrode anterior-posterior (AP) to bregma
was obtained by APS = 2.0 ×D/4.2 mm, and the middle-lateral (ML) dis-
tance was obtained by MLS = 2.3 ×D/4.2 mm (for recording (R) electro-
des, APR = (2.0 ×D/4.2)− 0.05 mm; MLR = 1.7 ×D/4.2 mm). Two 0.5
mm holes in diameter were drilled through the marked points. For
stimulation, 2 insulated tungsten wires, serving as anode and cathode
(same length, single wire diameter, 52 µm; California Fine Wire, USA)
with 80–100 µm distance between the tips, were lowered by a motor-
ized manipulator (Luigs & Neumann, Ratingen, Germany). For record-
ing, 2 tungsten wires, one being longer (∼250 µm), were placed in OR
and RAD. The final depths for stimulation and both recording electro-
des were determined by online monitoring depth profiles of evoked
local field potentials (LFPs), that is, negative response in OR and posi-
tive response in RAD when stimulation electrode was implanted in OR,
and reversed deflections of LFPswhen stimulation electrodewas implanted
in RAD (Fig. 1), consistent with depth profiles obtained during electrode
implantation in mice and rats from other research groups (Kaibara and
Leung 1993; Leung and Péloquin 2010; Shires et al. 2012; Gruart et al.
2015). To further confirm the correct positions, a full range of input/output
(IO) was generated before the electrodes were permanently fixed with a
small amount of dental acrylic (weight, ∼0.5 g including pins).

Surgical wounds were sutured, and animals were supplied with sof-
tened, wet food during the recovery period and singly housed. Mice
were kept on a 12-h light/dark cycle. With access to food and water ad
libitum, the animals recovered for at least one week before recording in
the inactive phase.

Data Acquisition and Analysis
In the evening before the experimental day, animals were put in the re-
cording chamber (50 cm diameter round arena, 50 cm high) for habitu-
ation. On the experimental day, animals were briefly exposed to
isoflurane to alleviate the stress when connecting the pins to the mini-
ature headstage (weight, ∼1 g, npi electronic GmbH, Tamm, Germany)
for differential measurement of LFPs via 2 extracellular amplifiers
(EXT-02F, npi electronic GmbH). The miniature headstage also
allowed extracellular stimulation with a stimulus isolator (A365, WPI,
Sarasota, FL, USA) and the acquisition of motor activities monitored via
a 3D accelerometer. The latter feature combined with continuous EEG
recordings permitted us to distinguish sleep from active wakefulness
during our recording sessions. Furthermore, we excluded that electric-
al tetanization during LTP induction triggered seizures. LFP signals
were filtered between 0.3 and 500 Hz, digitized at 10 kHz (ITC-16,

Patchmaster, HEKA Elektronik, Lambrecht, Germany), and 50 Hz noise
was removed by Hum Bug Noise Eliminators (AutoMate Scientific, Inc.,
Berkeley, CA, USA). Evoked LFPs were stored on PCs, and their slopes
were analyzed based on the middle one-third of the rising phase (Fitmas-
ter, HEKA Elektronik, Lambrecht, Germany). At the beginning of each
recording, IO curves were generated by applying stimulation voltages
with both polarities. To evaluate changes in synaptic efficacy, a stimulus
strength eliciting 35–40% of maximum slopewas used as test pulse given
every 30 s. Toward the end of each 30-min period, 10 paired pulses with
50 ms interstimulus interval (ISI) were generated to examine the PPR.
Two trains of high-frequency stimulation (HFS, 50 × , 100 Hz, 100 µs
pulse width, same intensity as test pulse) separated by 5 min were used
to induce LTP. With this protocol, LTP could be induced that lasted at
least 24 h as described previously (Buschler et al. 2012).

Drug Preparation and Injection
Normal saline (NS, 0.9% NaCl) was used as vehicle for the control
group. D4R agonist PD 168077 maleate (PD, Biotrend chemicals AG,
Switzerland) was dissolved in NS to reach the concentrations of 1 and
0.25 mg/mL. Both control and different PD groups received 0.1 mL/10 g
intraperitoneally (i.p.) injections when a stable baseline was acquired. In
the LTP experiments, NS and PDwere injected 30 min before induction.

Histological Analysis
After recording, animals were deeply anesthetized with K/X mixture,
electrical lesions were induced twice (20 µA, 10 s) for each single tungsten
wire separately. Subsequently, the mice were perfused with phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde (PFA). The
brains of the mice were collected and incubated in a mixture of PBS and
4% PFA (1:1) over night. On the following day, the brains were sliced cor-
onally at 80 µm thickness and mounted on gelatinized glass slides and
classical Nissl staining was performed to verify electrode locations.

Stereotaxic Injections
Heterozygous transgenic mice (Tg(DAT-iCre)9075Gsc, also called
DATCre; (Parlato et al. 2006)) expressing the Cre recombinase under
control of the DA transporter gene contained in a bacterial artificial
chromosome were anesthetized with K/X mixture on P21 and placed
in a stereotaxic frame. The scalp was shaved, opened, and swabbed
before drilling a hole above the ventral midbrain (anterior-posterior,
−2.5 mm, lateral, ±0.8 mm). About 500 µL of Cre-inducible recombin-
ant rAAV-EF1a-DIO-hChR2(H134R)-mCherry was loaded into a glass
capillary pulled with a tip diameter of 0.3 µm and then bilaterally in-
jected into the VTA/SN (dorsal-ventral, −4.2 mm).

Immunohistochemistry, Fluorescence Imaging, and Analysis
Three weeks after stereotaxic injection of AAV, the DATCre mice were
perfused with PBS followed by 4% PFA. Brains were removed and
postfixed with 4% PFA for 2 h at room temperature. About 50-µm-thick
sections were sliced and immersed in PBS, blocked for 1 h with 10%
normal goat serum (NGS) in 1% Triton X and incubated overnight at
room temperature with mouse anti-NeuN (Neuronal Nuclei) (Chemi-
con) and rabbit anti-DsRed (Clontech), which also recognizes
mCherry, both at 1:1000 in 1% NGS, 0.3% Triton X. On the second day,
brain sections were rinsed with PBS, incubated 2 h at room tempera-
ture with FITC-conjugated anti-mouse and CY3-conjugated anti-rabbit
secondary antibodies (both at 1:500, Jackson ImmunoResearch),
washed with PBS, mounted on slides, and coverslipped with Mowiol.
Confocal stack images were acquired with a ×20 objective (aperture,
0.7) at a Leica SP2 confocal microscope. Images were processed in
Image J, and pixel intensity of the axons was measured as described
before (Grider et al. 2006).

Statistics
Two-sample Kolmogorov–Smirnov test (K-S test) was used to test dif-
ferences in the IO efficiency. Repeated-measures analysis of variance
(ANOVA) was used to compare the slope of LFPs after injection/HFS
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for NS versus PD groups, and post hoc t-test to compare slopes at dis-
tinct time points. Two-tailed paired t-test was used to compare the PPR
after injection and/or HFS with control (before injection). Two-tailed
unpaired t-test was adopted to compare the difference of PPR after nor-
malization to before injection between NS and PD groups. One-way
ANOVA followed by Dunnett’s multiple comparison test was used to
compare the density of dopaminergic projections in different compart-
ments of dorsal hippocampus. Error bars shown in the figures indicate
standard error of the mean. The level of significance was set to P < 0.05.

Results

Input/output Relationships Indicate Higher Synaptic
Efficiency in Apical than Basal Dendrites
Here, we recorded LFPs in freely moving mice with 2 tungsten
electrodes in OR and RAD while stimulating with one bipolar
electrode in OR or RAD. With this configuration (Fig. 1A,D), we
recorded negative LFPs on the same site of stimulation and LFPs
with opposite deflections on the other site of stratum pyramidale
(Fig. 1B,E). When suprathreshold stimulus intensities were
applied either in OR or RAD (Fig. 1C,F), the output (absolute
slope of the LFP) was stronger in RAD than in OR (green vs. blue
in Fig. 1C,F; K-S test, P < 0.01). This output difference was more
pronounced for stimulations in RAD than OR (Fig. 1F vs. C; K-S
test, P < 0.01). Also, the input/output relationship was steeper for
RAD than OR (Fig. 1C,F; K-S test, P < 0.01), and consequently the
stimulus intensity to saturate LFPs was lower in RAD than in OR
(Fig. 1C,F; 9.6 vs. 12 V). Finally, the slope of maximally evoked
LFPs were about 2-fold in RAD (Fig. 1F, green) compared with
OR (Fig. 1C, blue; K-S test, P < 0.01; OR, n = 32, RAD, n = 32).

These observations indicate a lamina-specific synaptic effi-
ciency difference in hippocampal CA1 of mice.

PD Dose-Dependently and Transiently Reduces Evoked
LFPs in Apical and Basal Dendrites
To find out whether i.p. injection of the D4 agonist PD 168077
affects synaptic transmission in hippocampal apical and/or

basal CA1 dendrites of freely moving mice, we evoked LFPs by
single-pulse stimulation for 1 h (baseline) before injecting PD
or NS. First of all, we chose a concentration of PD (10 mg/kg)
that had been shown to improve memory performance in con-
trast to lower concentrations (Bernaerts and Tirelli 2003; Sood
et al. 2011). Relative to baseline, PD reduced the slope of LFPs in
both pathways, stronger in OR than in RAD (Fig. 2C; maximal
effects, OR, ∼15% at 45 min; RAD, ∼10% at 20 min; *P < 0.05; OR:
NS, n = 6; PD, n = 7; RAD: NS, n = 6; PD, n = 7). 30 min after in-
jection of PD, the robust effect on the slope of the LFP in OR
shifted the peak of the LFP to the right, which was not similarly
obvious for the LFPs in RAD (Fig. 2A). Also, the PD-mediated
effects lasted longer in OR (more than 1 h) than in RAD (15 min).

To consider whether presynaptic mechanisms were involved
in the reduction of LFPs by PD (10 mg/kg), we monitored the
PPR (50 ms ISI) every half an hour during the 5-h recording ses-
sions. Before i.p. injection, PPR was similar in OR and RAD (OR,
1.55 ± 0.05, n = 13; RAD, 1.67 ± 0.07, n = 13). In both pathways,
PPR remained stable in the NS group (OR: n = 6; RAD: n = 6) but
increased in the PD group as long as the slope of LFPs was de-
creased (Fig. 2B; #P < 0.05; OR, n = 7; RAD, n = 7). Consistently,
a transient but significant PPR difference was found between NS
and PD (10 mg/kg) treated groups (Fig. 2B; *P < 0.05).

A lower dose of PD (2.5 mg/kg) changed neither slope nor
PPR (50 ms ISI) of evoked LFPs. Thirty minutes after injection,
the slope of the LFP relative to baseline was 99.84 ± 0.96% in
OR (n = 5) and 101.67 ± 1.49% in RAD (n = 6) and the PPR was
98.40 ± 1.38% in OR (n = 5) and 100.18 ± 0.83% in RAD (n = 6)
(Fig. 3B,C).

Overall, only a high dose of the D4 agonist reduced evoked
LFPs and increased PPR stronger in OR than in RAD. In both
pathways, these PD-mediated effects were reversible.

LTP Differs in Basal versus Apical Dendrites
In freely moving rats, LTP is more easily induced in basal den-
drites (OR) than in apical dendrites (RAD) (Leung and Shen

Figure 1. Placement of electrodes, representative traces of LFPs and IO curves. (A,D) Nissl staining following electrical lesions illustrates the locations of bipolar stimulation
electrode (red arrow heads, A, OR; D, RAD), recording electrode in OR (blue arrow head) and recording electrode in RAD (green arrow head). (B,E) Representative, color-coded
traces of evoked responses during acquisition of the IO when the stimulation electrode placed in OR (B) and RAD (E). (C,F) IO curves based on absolute values of slope against
stimulus intensity when stimulating in OR (C, n= 32) and RAD (F, n= 32). Significance was tested by two-sample K-S test (see Results).
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1995). Consistently, stronger LTP was induced in OR than in
RAD of freely moving mice using 2 trains of HFS at 100 Hz 30
min after NS injection (Fig. 3C, P < 0.01, OR, n = 7; RAD, n = 7).
In particular, the potentiation during the first 30 min after in-
duction (early phase LTP) was stronger in OR than RAD (∼180
vs. ∼145% relative to baseline; P < 0.01). Early phase LTP in OR
did not decline and persisted at least for 4 h (late phase LTP,
Fig. 3C), while early phase LTP in RAD gradually declined within
90 min before stabilizing at a potentiated level (Fig. 3C; P < 0.01).
In NS and following LTP induction, the PPR was reduced for up
to 4 h after induction in both pathways (Fig. 3B, #P < 0.05; OR,
n = 7; RAD, n = 7). Notably, the PPR changes were not stronger
in OR than in RAD (Fig. 3B; e.g., at 270 min, P > 0.05) even
though stronger LTP was induced in the OR pathway.

Thus, in OR early and late phase LTP had comparable mag-
nitudes, whereas in RAD early phase LTP was higher than
late phase LTP. In both pathways, the PPR similarly remained
reduced throughout LTP expression.

PD Reduces LTP in OR and RAD with Distinct Time
Courses
In hippocampal slices, PD modulates early LTP (40 min) in OR
but not in RAD (Herwerth et al. 2012). To address the modula-
tion of LTP by this D4R agonist in freely moving mice, we
tested different doses of PD.

A low dose of PD (2.5 mg/kg), which had no effect on basal
synaptic transmission both in OR and RAD, did not affect early

phase LTP in OR but significantly reduced late phase LTP
(Fig. 3C; *P < 0.05; OR, n = 5). The PPR was reduced during the
early phase LTP (Fig. 3B; #P < 0.05; OR, n = 5), similar to NS,
but the PPR was no longer significantly reduced when the late
phase LTP was reduced relative to NS. In RAD, PD (2.5 mg/kg)
had no obvious effect on both early and late phase LTP, and
the PPR was reduced as observed for NS (Fig. 3B,C).

A high dose of PD (10 mg/kg), distinct from the low dose,
also reduced early phase LTP in OR (Fig. 3C, *P < 0.05; OR,
n = 7). Consequently, early and late phase LTP were similarly
reduced in OR in the presence of the high dose of PD. None-
theless, the PPR remained significantly reduced during early
phase but not during late phase LTP (Fig. 3B; #P < 0.05;
n = 7). In RAD, the high dose of PD did not modulate early
phase LTP (Fig. 3C, RAD, n = 6), and the PPR remained sig-
nificantly reduced (Fig. 3B; #P < 0.05, n = 6). During the subse-
quent 3–4 h of recording, the PPR became different between
NS and PD (180–270 min, Fig. 3B, right panel, *P < 0.05), LTP
decreased but a late phase LTP remained (P < 0.01, relative to
baseline).

In summary, a low dose of PD, which did not affect the basal
synaptic transmission exclusively reduced late phase LTP in the
basal dendrites but had no effect on LTP in apical dendrites. A
high dose of LTP, which reduced basal synaptic transmis-
sion decreased early and late phase LTP in basal dendrites
and exclusively late phase LTP in apical dendrites. The re-
ducing effects on LTP occurred in part without modulation
of PPR.

Figure 2. D4R agonist transiently reduces basal synaptic transmission both in basal (OR, left) and apical (RAD, right) dendrites. (A) Averaged (×10), representative traces acquired
before injection (1) and 30 (2)/240 min (3) after injection of NS or PD. Insets show magnification of boxed regions. (B) PPRs at time points corresponding to the time course in (C)
and normalized to values obtained before injection of NS or PD (*P<0.05, unpaired t-test, differences between NS and PD; #P<0.05, paired t-test, different from PPR before
injection). (C) Syringes indicate time of injection, horizontal lines indicate duration of significance (*P<0.05, repeated-measures ANOVA, post hoc t-test). (B,C) NS, n=6; PD,
n= 7 for both OR and RAD.
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Homogeneous VTA/SN Dopaminergic Fiber Distribution
in OR and RAD of Dorsal Hippocampus
The distribution of dopaminergic fibers in the dorsal hippo-
campal CA1 region was quantified by immunohistochemical
staining with antibodies against mCherry and neuronal nuclei
(NeuN) in DATCre mice injected with a mCherry-expressing
virus in VTA/SN (Fig. 4). The axon density was compared between
OR, RAD, and SLM in coronal and sagittal slices by analyzing the
pixel intensity within the 3 layers. We analyzed 11–19 coronal and
21–24 sagittal sections per mouse (coronal, n = 3 mice; sagittal,
n = 3 mice). The total analyzed area per section was 0.5–1.6 mm2

in OR, 0.2–1.8 mm2 in RAD, and 0.03–1.3 mm2 in SLM. In dorsal
hippocampal CA1, the highest density of dopaminergic fibers was
present in SLM. Compared with SLM (chosen as reference and
normalized to 1.0), the fiber densities in OR and RAD were lower
but comparable with each other (Fig. 4D, F2,6 = 20.63, P < 0.01,
**P < 0.01 for OR vs. SLM and RAD vs. SLM, P > 0.05 for OR vs.
RAD; Fig. 4H, F2,6 = 11.34, P < 0.01, **P < 0.01 for OR vs. SLM,
*P < 0.05 for RAD vs. SLM, P > 0.05 for OR vs. RAD).

In summary, dopaminergic inputs originating from VTA/SN
appear to be homogeneously distributed in OR and RAD, and
are highest in SLM in dorsal hippocampal CA1.

Discussion

We activated D4Rs in freely moving mice and found basal syn-
aptic transmission to be unchanged with a low dose of PD
(2.5 mg/kg) but reduced with a high dose (10 mg/kg). This re-
duction persisted longer in OR than in RAD. The low dose of
PD impaired late phase LTP in OR without affecting LTP in
RAD, while the high dose of PD reduced both early and late
phase LTP in OR but only late phase LTP in RAD. Based on the
simultaneously recorded PPR, the modulatory effects of the D4
agonist in the 2 CA1 compartments OR and RAD appear to
involve both pre- and postsynaptic mechanisms. As we found
comparable dopaminergic innervation in the dorsal hippocam-
pal OR and RAD, the effects of PD could potentially bemediated
by DA released from dopaminergic neurons originating in the
VTA and/or SN.

Signal-Guided Electrode Positioning
Our approach to locate 2 recording electrodes on both sides of
stratum pyramidale ensured precise positioning of recording
and stimulation electrodes in OR and RAD already during im-
plantation, since the intended negative and positive LFPs were

Figure 3. D4R agonist differentially modulates LTP in basal (OR, left) and apical (RAD, right) dendrites. (A) Averaged (×10), representative traces acquired before injection (1),
before HFS (2), and 30 (3)/240 min (4) after injection of NS or PD (10 mg/kg). Insets show magnification of boxed regions. (B) PPRs at time points corresponding to the time course
in (C) and normalized to values obtained before injection of NS or PD (*P<0.05, unpaired t-test, differences between NS and PD; #P< 0.05, paired t-test, difference from PPR
before injection). (C) Syringes indicate time of injection, arrows indicate 2 trains of HFS (separated by 5 min), horizontal lines indicate duration of significant difference between the
NS group and PD (10 mg/kg, black line), lower dosage PD (2.5 mg/kg, grey line) (*P<0.05, repeated-measures ANOVA, post hoc t-test). (B,C: OR: NS, n= 7; PD 2.5 mg/kg:
n=5; PD 10 mg/kg: n= 7; RAD: NS, n=7; PD 2.5 mg/kg: n=6; PD 10 mg/kg: n= 6).
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recorded simultaneously and always displayed higher efficacy
in RAD than in OR, as known from depth profiles obtained
during electrode implantation in vivo (Kaibara and Leung
1993; Leung and Péloquin 2010; Shires et al. 2012; Gruart et al.
2015). Histological analyses provided assurance about the
location of tip of each electrode.

Stronger LTP in Basal than in Apical Synapses of CA1
Pyramidal Cells
Here, in freely moving mice, HFS induced stronger LTP in
basal dendrites (OR) than in apical dendrites (RAD), consistent
with results obtained in freely moving rats (Leung and Shen
1995) and in rat slices with intact synaptic inhibition (Arai et al.
1994; Haley et al. 1996; Sajikumar et al. 2007). Intact inhibition
is likely to contribute to the OR/RAD difference in LTP magni-
tude in rodents, since basal CA1 dendrites of freely moving rats
are less inhibited than apical dendrites (Kaibara and Leung
1993). Indeed, more interneurons in CA1 project to the apical
than to the basal dendrites (Klausberger and Somogyi 2008).
The lower threshold to induce LTP in basal (than in apical)
CA1 dendrites (Leung and Shen 1995) could also be caused by
basal dendrites either being more efficient to integrate synaptic
excitation to generate an action potential (Øivind Hvalby, per-
sonal communication) or being more easily modifiable than
apical dendrites as observed for neocortical pyramidal neurons
(Nevian et al. 2007), e.g., because of the low density of HCN
channels in basal CA1 dendrites (Lörincz et al. 2002). Other
factors contributing to generate stronger LTP in OR than in
RAD could be distinct cellular mechanisms, e.g., involving dis-
tinct isoforms of nitric oxide (Haley et al. 1996), voltage-gated

calcium channels or brain-derived neurotrophic factor (BDNF)
(Navakkode et al. 2012). Based on our results, D4Rs may also
contribute to set the LTP threshold in OR distinct from RAD.
Distinct LTP thresholds in basal and apical dendrites play an
important role for the associativity between these distinct den-
dritic compartments as demonstrated for synaptic tagging
during LTP (Alarcon et al. 2006; Sajikumar and Korte 2011).
Finally, the reduced PPR that we observed to persist following
LTP induction up to four hours in both OR and RAD indicates
presynaptic mechanisms are involved in hippocampal LTP ex-
pression, consistent with earlier work (Schulz et al. 1994;
Madroñal et al. 2009).

D4R Agonist Modulates Synaptic Transmission Stronger
in Basal than in Apical Dendrites
In freely moving rats, D2-like DAR agonists intraventricularly
injected at high concentrations reduce basal synaptic transmis-
sion in perforant path-dentate gyrus granule cell synapses,
whereas lower concentrations have receptor priming effects
regulating synaptic plasticity (Manahan-Vaughan and Kulla
2003). Similarly, regarding D4Rs and observations in slices,
the D4R agonist PD at µM concentrations (e.g., 20–40 µM)
reduces AMPA responses in PFC pyramidal neurons and inter-
neurons (Yuen and Yan 2009; Yuen et al. 2010), whereas PD at
nM concentrations (e.g., 100 nM) has no effect during basal
synaptic transmission (e.g., before LTP induction) on synaptic
AMPA responses or AMPAR internalization in hippocampal
neurons (Kwon et al. 2008; Herwerth et al. 2012), including
fast-spiking interneurons (Andersson, Johnston, Fisahn et al.
2012). Consistently, here in freely moving mice, a lower dose

Figure 4. VTA/SN originated dopaminergic projections in dorsal hippocampus of DATCre mice (A, B, C: coronal sections; E, F, G: sagittal sections). (A,E) Antibody staining against
neuron nuclei (NeuN) identifies the pyramidal cell layer and (B,F) antibody staining against mCherry indicates the dopaminergic fibers arising from VTA/SN. (C,G) Merged images
with broken lines showing the CA1 compartments that were analyzed (OR, RAD, SLM). (D,H) Comparison of dopaminergic fiber density in OR and RAD relative to the density in SLM
in coronal (D) and sagittal slices (H) (**P< 0.01, *P< 0.05, n= 3 mice for coronal and n=3 mice for sagittal sections; one-way ANOVA followed by Dunnett’s multiple
comparison).
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of PD (2.5 mg/kg) had no effect on basal synaptic transmission
both in OR and RAD of CA1, whereas a higher dose of PD (10
mg/kg) reduced basal synaptic transmission, which was more
pronounced in OR than in RAD as observed for slope and PPR
of evoked LFPs. Thus, only the lower dose of PD allowed the
investigation of receptor priming effects, e.g., modulating LTP
(see below). As DA activates D2-like DARs under tonic stimula-
tion by ambient low levels of DA and D1-like DARs upon
phasic DA input, acute effects on basal synaptic transmission
in the hippocampus are likely dominated by D2-like DA recep-
tors including D4Rs. Consistently, D1/5R agonists have no im-
mediate effect on basal AMPAR-mediated transmission neither
in slices (Otmakhova and Lisman 1996; Mockett et al. 2004;
Herwerth et al. 2012) nor in freely moving rats (Lemon and
Manahan-Vaughan 2006, 2012). Due to our intraperitoneal in-
jections, the reservation must be made that extrahippocampal
effects cannot be excluded. Still, we injected PD intentionally,
since systemic administrations of PD have been shown to
improve memory performance in high concentrations (Ber-
naerts and Tirelli 2003; Sood et al. 2011).

D4R Agonist Modulates LTP in Basal Dendrites Distinctly
from Apical Dendrites
In the presence of the D4R agonist PD, we observed reduced
LTP in OR but not in RAD in single CA1 neurons (Herwerth
et al. 2012). Here in freely moving mice, we confirmed this
pathway specificity. A low dose of PD (2.5 mg/kg) reduced
LTP in OR but not in RAD. Furthermore, a higher dose of PD
(10 mg/kg) additionally and exclusively reduced early phase
LTP in OR, which is explained by the fact that this high dose
reduced basal synaptic transmission. Yet, the low dose of PD
was sufficient to induce receptor priming effects in basal den-
drites, since the high dose of PD reduced late phase LTP in OR
to an extent similar to the low dose. The reduction of late phase
LTP in RAD with the high dose of PD developed gradually over
3–4 h and was therefore not observed during our shorter lasting
whole-cell recordings in slices (Herwerth et al. 2012). In con-
trast, the LTP reduction in OR was maximal already 2 h after in-
duction, again indicating that apical dendrites are less sensitive
to D4R agonist treatment than basal dendrites.

The fast PD effect on early phase LTP in OR in vivo is con-
sistent with our observations in vitro (Herwerth et al. 2012),
which suggested a G protein-independent, calcium-dependent
reduction of NMDA receptor activity. Similar fast reductions of
NMDAR currents were obtained in prefrontal and hippocampal
pyramidal neurons via D2-like receptor agonists including PD,
involving protein kinase A as well as receptor tyrosine kinases
(Kotecha et al. 2002; Wang et al. 2003).

The slower action of PD to reduce LTP in RAD (compared
with OR) could be the consequence of pathway-specific induc-
tion and/or expression of LTP (see above) and/or mechanisms
of PD action are different in OR vs. RAD. D4Rs belong to the
D2-type DA receptors which are negatively coupled to the for-
mation of cAMP by inhibiting adenylyl cyclase (Missale et al.
1998; Beaulieu and Gainetdinov 2011). Therefore, PD-mediated
cAMP-dependent mechanisms could contribute to reduce LTP,
since PKA gates hippocampal early LTP in slices (Otmakhova
and Lisman 1996) and in vivo (Lemon and Manahan-Vaughan
2006). In addition, it will be interesting to find out whether D4R
activation will also be involved in depotentiation of LTP in vivo as
observed in apical dendritic synapses in vitro (Kwon et al. 2008).

A differential modulation of synaptic plasticity in basal and
apical dendrites appears not to be restricted to DAR subtypes,
since mGlu5 receptor activation selectively modulates late LTP
in apical dendrites, whereas mGluR1 receptor activation mod-
ulates late LTP both in basal and apical dendrites (Fan 2013).

D4R Activation Before LTP Induction Prevented a
Persistent PPR Reduction
During basal synaptic transmission in OR and RAD, PD transi-
ently reduced evoked LFPs and concurrently increased PPRs,
suggesting involvement of presynaptic mechanisms, likely de-
creasing transmitter release. Immediately after LTP induction
in the presence of PD, the PPR decrease caused by LTP induc-
tion alone combined with the PPR increase caused by PD injec-
tion alone. Once the transient effect on PPR caused by PD
alone was over, likely postsynaptic mechanisms contributed to
reduce LTP, since PD at both concentrations reduced LTP in
OR, although PPR was still reduced (see around 120 min in
Fig. 3C). During the fourth hour after induction, the persistent
decrease in PPR after LTP induction as observed in NS was no
longer detected and correlated with a significantly reduced
LTP. Thus, D4R activation before LTP induction prevented a
persistent PPR reduction.

VTA/SN Dopaminergic Afferents Within Hippocampal
Area CA1
Antibody staining against mCherry indicated that the density
of dopaminergic axons, originating from VTA/SN was highest
in SLM and comparable in OR and RAD. Based on these re-
sults, the distribution of VTA/SN dopaminergic fibers on its
own cannot account for the differential PD modulation of syn-
aptic efficacy in the dorsal hippocampus that we describe here.
On the other hand, DA released via reversed transport of nor-
epinephrine is likely an alternative source of DA in area CA1
(Smith and Greene 2012). Although it is unknown whether ad-
renergic fibers innervate area CA1 differentially, CA1 subre-
gions show different expression pattern of β1 and β2 receptors
that could contribute to a differential modulation of synaptic
efficacy via monoamines (Booze et al. 1993).

D4R expression is homogeneous in OR and RAD (Khan
et al. 1998) and appears to be largely expressed in GABAergic,
fast-spiking interneurons (Andersson, Johnston, Herman et al.
2012). In acute slices, D4Rs mediate an NMDAR-dependent in-
crease in kainate-induced gamma oscillations whose mechan-
ism is not fully understood (Andersson, Johnston, Fisahn et al.
2012). When synaptic inhibiton is blocked, PD reduced NMDA
currents in basal but not in apical dendrites of CA1 neurons
(Herwerth et al. 2012). We therefore consider distinct interac-
tions of D4R with other membrane proteins including NMDARs
and AMPARs or signaling networks (e.g., neuregulin-ErbB-PI3
kinase) to be responsible for the differential OR/RAD modula-
tion of glutamatergic transmission.

Possible Functional Implications
Our results in vivo with the D4R agonist indicate that DA more
strongly modulates basal than apical dendrites in area CA1,
which appears to be opposite from cholinergic modulation as the
cholinergic agonist carbachol attenuated excitatory postsynaptic
potentials stronger in apical than in basal dendrites (Leung and
Péloquin 2010). A requirement for differential modulation of
hippocampal inputs is conceivable, since the hippocampus
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is thought to compare expected (learned) and experienced
(current) information concerning spatial and contextual fea-
tures, and mismatches detected by prediction errors are valued
by the midbrain DA system (Lisman and Otmakhova 2001;
Mizumori and Jo 2013).

Authors’ Contributions

S.-B.L. and G.K. conceived and designed research; S.-B.L. per-
formed and analyzed electrophysiological and histological ex-
periments; D.D. performed and analyzed immunohistochemical
experiments; M.T.H generated viruses; S.-B.L. drafted the manu-
script; S.-B.L. and G.K. wrote the manuscript; all authors revised
and approved the final version of the manuscript.

Funding

S.-B.L. was supported by a PhD scholarship from the collab-
orative research center CRC 636 funded by the Deutsche
Forschungsgemeinschaft.

Notes
We thank Rosanna Parlato and Günther Schütz for providing DATCre
mice, Karl Deisseroth for supplying the AAV plasmid as a gift, Øivind
Hvalby, Patrick Jendritza andWolfgang Kelsch for discussions and sug-
gestions, Sabine Grünewald for cell culture and Peter H. Seeburg for
generous support. Conflict of Interest: None declared.

References
Alarcon JM, Barco A, Kandel ER. 2006. Capture of the late phase of

long-term potentiation within and across the apical and basilar den-
dritic compartments of CA1 pyramidal neurons: synaptic tagging is
compartment restricted. J Neurosci. 26:256.

Andersson R, Johnston A, Fisahn A. 2012. Dopamine D4 receptor acti-
vation increases hippocampal gamma oscillations by enhancing
synchronization of fast-spiking interneurons. PLoS One. 7:e40906.

Andersson RH, Johnston A, Herman PA, Winzer-Serhan UH, Karavanova I,
Vullhorst D, Fisahn A, Buonanno A. 2012. Neuregulin and dopamine
modulation of hippocampal gamma oscillations is dependent on dopa-
mine D4 receptors. Proc Natl Acad Sci USA. 109:13118–13123.

Arai A, Black J, Lynch G. 1994. Origins of the variations in long-term
potentiation between synapses in the basal versus apical dendrites
of hippocampal-neurons. Hippocampus. 4:1–9.

Beaulieu JM, Gainetdinov RR. 2011. The physiology, signaling, and
pharmacology of dopamine receptors. Pharmacol Rev. 63:182–217.

Bernaerts P, Tirelli E. 2003. Facilitatory effect of the dopamine D4 re-
ceptor agonist PD168,077 on memory consolidation of an inhibi-
tory avoidance learned response in C57BL/6J mice. Behav Brain
Res. 142:41–52.

Bethus I, Tse D, Morris RGM. 2010. Dopamine and memory: modula-
tion of the persistence of memory for novel hippocampal NMDA
Receptor-Dependent Paired Associates. J Neurosci. 30:1610–1618.

Booze RM, Crisostomo EA, Davis JN. 1993. Beta-adrenergic receptors
in the hippocampal and retrohippocampal regions of rats and
guinea pigs: autoradiographic and immunohistochemical studies.
Synapse. 13:206–214.

Buschler A, Goh JJ, Manahan-Vaughan D. 2012. Frequency depend-
ency of NMDA receptor-dependent synaptic plasticity in the hippo-
campal CA1 region of freely behaving mice. Hippocampus.
22:2238–2248.

Chowdhury R, Guitart-Masip M, Bunzeck N, Dolan RJ, Duzel E. 2012.
Dopamine modulates episodic memory persistence in old age. J
Neurosci. 32:14193–14204.

Dong Z, Han H, Cao J, Zhang X, Xu L. 2008. Coincident activity of con-
verging pathways enables simultaneous long-term potentiation and

long-term depression in hippocampal CA1 network in vivo. PLoS
One. 3:e2848.

Dulawa SC, Grandy DK, Low MJ, Paulus MP, Geyer MA. 1999. Dopa-
mine D4 receptor-knock-out mice exhibit reduced exploration of
novel stimuli. J Neurosci. 19:9550–9556.

Fan W. 2013. Group I metabotropic glutamate receptors modulate late
phase long-term potentiation in hippocampal CA1 pyramidal neurons:
comparison of apical and basal dendrites. Neurosci Lett. 553:132–137.

Frey U, Huang YY, Kandel ER. 1993. Effects of cAMP simulate a late
stage of LTP in hippocampal CA1 neurons. Science. 260:1661–1664.

Frey U, Krug M, Reymann KG, Matthies H. 1988. Anisomycin, an in-
hibitor of protein synthesis, blocks late phases of LTP phenomena
in the hippocampal CA1 region in vitro. Brain Res. 452:57–65.

Furth KE, Mastwal S, Wang KH, Buonanno A, Vullhorst D. 2013. Dopa-
mine, cognitive function, and gamma oscillations: role of D4 recep-
tors. Front Cell Neurosci. 7:102.

Gasbarri A, Packard MG, Campana E, Pacitti C. 1994. Anterograde and
retrograde tracing of projections from the ventral tegmental area to
the hippocampal formation in the rat. Brain Res Bull. 33:445–452.

Gasbarri A, Sulli A, Packard MG. 1997. The dopaminergic mesenceph-
alic projections to the hippocampal formation in the rat. Prog Neu-
ropsychopharmacol Biol Psychiatry. 21:1–22.

Grider MH, Chen Q, Shine HD. 2006. Semi-automated quantification
of axonal densities in labeled CNS tissue. J Neurosci Methods. 155:
172–179.

Gruart A, Sánchez-Campusano R, Fernández-Guizán A, Delgado-García
JM. 2015. A differential and timed contribution of identified hippo-
campal synapses to associative learning in mice. Cereb Cortex.
25:2542–2555.

Haley JE, Schaible E, Pavlidis P, Murdock A, Madison DV. 1996. Basal
and apical synapses of CA1 pyramidal cells employ different LTP in-
duction mechanisms. Learn Mem. 3:289–295.

Herwerth M, Jensen V, Novak M, Konopka W, Hvalby Ø, Köhr G. 2012.
D4 dopamine receptors modulate NR2B NMDA receptors and LTP in
stratum oriens of hippocampal CA1. Cereb Cortex. 22:1786–1798.

Huang YY, Kandel ER. 1995. D1/D5 receptor agonists induce a protein
synthesis-dependent late potentiation in the CA1 region of the
hippocampus. Proc Natl Acad Sci USA. 92:2446–2450.

Ito HT, Schuman EM. 2007. Frequency-dependent gating of synaptic
transmission and plasticity by dopamine. Front Neural Circuits.
1:1.

Kaibara T, Leung LS. 1993. Basal versus apical dendritic long-term po-
tentiation of commissural afferents to hippocampal CA1: a current-
source density study. J Neurosci. 13:2391–2404.

Khan ZU, Gutiérrez A, Martín R, Peñafiel A, Rivera A, De La Calle A.
1998. Differential regional and cellular distribution of dopamine
D2-like receptors: an immunocytochemical study of subtype-specific
antibodies in rat and human brain. J Comp Neurol. 402:353–371.

Klausberger T, Somogyi P. 2008. Neuronal diversity and temporal dy-
namics: the unity of hippocampal circuit operations. Science.
321:53–57.

Kotecha SA, Oak JN, Jackson MF, Perez Y, Orser BA, Van Tol HHM,
MacDonald JF. 2002. A D2 class dopamine receptor transactivates a
receptor tyrosine kinase to inhibit NMDA receptor transmission.
Neuron. 35:1111–1122.

Kwon OB, Paredes D, Gonzalez CM, Neddens J, Hernandez L, Vull-
horst D, Buonanno A. 2008. Neuregulin-1 regulates LTP at CA1 hip-
pocampal synapses through activation of dopamine D4 receptors.
Proc Natl Acad Sci USA. 105:15587–15592.

Lemon N, Manahan-Vaughan D. 2012. Dopamine D1/D5 receptors con-
tribute to de novo hippocampal LTD mediated by novel spatial ex-
ploration or locus coeruleus activity. Cereb Cortex. 22:2131–2138.

Lemon N, Manahan-Vaughan D. 2006. Dopamine D1/D5 receptors gate
the acquisition of novel information through hippocampal long-term
potentiation and long-term depression. J Neurosci. 26:7723–7729.

Leung LS, Péloquin P. 2010. Cholinergic modulation differs between
basal and apical dendritic excitation of hippocampal CA1 pyram-
idal cells. Cereb Cortex. 20:1865–1877.

Leung LS, Shen B. 1995. Long-term potentiation at the apical and basal
dendritic synapses of CA1 after local stimulation in behaving rats. J
Neurophysiol. 73:1938–1946.

654 D4R-Mediated Modulation of Hippocampal Synaptic Transmission • Li et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/26/2/647/2366660 by guest on 20 M

arch 2024



Lisman J, Grace AA, Duzel E. 2011. A neoHebbian framework for epi-
sodic memory; role of dopamine-dependent late LTP. Trends Neu-
rosci. 34:536–547.

Lisman JE, Grace AA. 2005. The hippocampal-VTA loop: controlling the
entry of information into long-termmemory. Neuron. 46:703–713.

Lisman JE, Otmakhova NA. 2001. Storage, recall, and novelty detection
of sequences by the hippocampus: elaborating on the SOCRATIC
model to account for normal and aberrant effects of dopamine.
Hippocampus. 11:551–568.

Lörincz A, Notomi T, Tamás G, Shigemoto R, Nusser Z. 2002. Polarized
and compartment-dependent distribution of HCN1 in pyramidal
cell dendrites. Nat Neurosci. 5:1185–1193.

Madroñal N, Gruart A, Delgado-García JM. 2009. Differing presynaptic
contributions to LTP and associative learning in behaving mice.
Front Behav Neurosci. 3:7.

Manahan-Vaughan D, Kulla A. 2003. Regulation of depotentiation and
long-term potentiation in the dentate gyrus of freely moving rats by
dopamine D2-like receptors. Cereb Cortex. 13:123–135.

Missale C, Nash SR, Robinson SW, Jaber M, Caron MG. 1998. Dopamine
receptors: from structure to function. Physiol Rev. 78:189–225.

Mizumori SJ, Jo YS. 2013. Homeostatic regulation of memory systems
and adaptive decisions. Hippocampus. 23:1103–1124.

Mockett BG, Brooks WM, Tate WP, AbrahamWC. 2004. Dopamine D1/
D5 receptor activation fails to initiate an activity-independent late-
phase LTP in rat hippocampus. Brain Res. 1021:92–100.

Moncada D, Viola H. 2007. Induction of long-term memory by expos-
ure to novelty requires protein synthesis: evidence for a behavioral
tagging. J Neurosci. 27:7476–7481.

Navakkode S, Sajikumar S, Korte M, Soong TW. 2012. Dopamine induces
LTP differentially in apical and basal dendrites through BDNF and
voltage-dependent calcium channels. LearnMem. 19:294–299.

Neves G, Cooke SF, Bliss TV. 2008. Synaptic plasticity, memory and the
hippocampus: a neural network approach to causality. Nat Rev
Neurosci. 9:65–75.

Nevian T, Larkum ME, Polsky A, Schiller J. 2007. Properties of basal
dendrites of layer 5 pyramidal neurons: a direct patch-clamp re-
cording study. Nat Neurosci. 10:206–214.

Ortiz O, Delgado-Garcia JM, Espadas I, Bahi A, Trullas R, Dreyer JL,
Gruart A, Moratalla R. 2010. Associative learning and CA3-CA1 syn-
aptic plasticity are impaired in D1R null, Drd1a-/- mice and in hip-
pocampal siRNA silenced Drd1a mice. J Neurosci. 30:12288–12300.

Otmakhova NA, Lisman JE. 1996. D1/D5 dopamine receptor activation
increases the magnitude of early long-term potentiation at CA1 hip-
pocampal synapses. J Neurosci. 16:7478–7486.

Otmakhova NA, Lisman JE. 1999. Dopamine selectively inhibits the
direct cortical pathway to the CA1 hippocampal region. J Neurosci.
19:1437–1445.

Parlato R, Rieker C, Turiault M, Tronche F, Schutz G. 2006. Survival of
DA neurons is independent of CREM upregulation in absence of
CREB. Genesis. 44:454–464.

Rossato JI, Bevilaqua LR, Izquierdo I, Medina JH, Cammarota M. 2009.
Dopamine controls persistence of long-term memory storage. Science.
325:1017–1020.

Sajikumar S, Korte M. 2011. Different compartments of apical CA1 den-
drites have different plasticity thresholds for expressing synaptic
tagging and capture. Learn Mem. 18:327–331.

Sajikumar S, Navakkode S, Frey JU. 2007. Identification of compartment-
and process-specific molecules required for “synaptic tagging” during
long-term potentiation and long-term depression in hippocampal
CA1. J Neurosci. 27:5068–5080.

Scatton B, Simon H, Le Moal M, Bischoff S. 1980. Origin of dopamin-
ergic innervation of the rat hippocampal formation. Neurosci Lett.
18:125–131.

Schulz PE, Cook EP, Johnston D. 1994. Changes in paired-pulse facili-
tation suggest presynaptic involvement in long-term potentiation. J
Neurosci. 14:5325–5337.

Shinohara Y, Hosoya A, Yahagi K, Ferecsko AS, Yaguchi K, Sik A,
Itakura M, Takahashi M, Hirase H. 2012. Hippocampal CA3 and
CA2 have distinct bilateral innervation patterns to CA1 in rodents.
Eur J Neurosci. 35:702–710.

Shires KL, Da Silva BM, Hawthorne JP, Morris RG, Martin SJ. 2012. Syn-
aptic tagging and capture in the living rat. Nat Commun. 3:1246.

Smith CC, Greene RW. 2012. CNS dopamine transmission mediated by
noradrenergic innervation. J Neurosci. 32:6072–6080.

Sood P, Idris NF, Cole S, Grayson B, Neill JC, Young AM. 2011.
PD168077, a D(4) receptor agonist, reverses object recognition def-
icits in rats: potential role for D(4) receptor mechanisms in improv-
ing cognitive dysfunction in schizophrenia. J Psychopharmacol.
25:792–800.

Swanson-Park JL, Coussens CM, Mason-Parker SE, Raymond CR, Har-
greaves EL, Dragunow M, Cohen AS, Abraham WC. 1999. A double
dissociation within the hippocampus of dopamine D-1/D-5 recep-
tor and beta-adrenergic receptor contributions to the persistence of
long-term potentiation. Neuroscience. 92:485–497.

Takács VT, Klausberger T, Somogyi P, Freund TF, Gulyas AI. 2012. Ex-
trinsic and local glutamatergic inputs of the rat hippocampal CA1
area differentially innervate pyramidal cells and interneurons.
Hippocampus. 22:1379–1391.

Wang SH, Redondo RL, Morris RG. 2010. Relevance of synaptic tagging
and capture to the persistence of long-term potentiation and every-
day spatial memory. Proc Natl Acad Sci USA. 107:19537–19542.

Wang X, Zhong P, Gu ZL, Yan Z. 2003. Regulation of NMDA receptors
by dopamine D-4 signaling in prefrontal cortex. J Neurosci. 23:
9852–9861.

Yuen EY, Yan Z. 2009. Dopamine D4 receptors regulate AMPA recep-
tor trafficking and glutamatergic transmission in GABAergic inter-
neurons of prefrontal cortex. J Neurosci. 29:550–562.

Yuen EY, Zhong P, Yan Z. 2010. Homeostatic regulation of glutamater-
gic transmission by dopamine D4 receptors. Proc Natl Acad Sci USA.
107:22308–22313.

Cerebral Cortex February 2016, V 26 N 2 655

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/26/2/647/2366660 by guest on 20 M

arch 2024



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


