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Abstract
The dopamine receptor type 1 (D1R) and the dopamine receptor type 5 (D5R), which are often grouped as D1R-like due to 
their sequence and signaling similarities, exhibit high levels of constitutive activity. The molecular basis for this agonist-
independent activation has been well characterized through biochemical and mutagenesis in vitro studies. In this regard, it 
was reported that many antipsychotic drugs act as inverse agonists of D1R-like constitutive activity. On the other hand, D1R 
is highly expressed in the medial prefrontal cortex (mPFC), a brain area with important functions such as working memory. 
Here, we studied the impact of D1R-like constitutive activity and chlorpromazine (CPZ), an antipsychotic drug and D1R-like 
inverse agonist, on various neuronal  CaV conductances, and we explored its effect on calcium-dependent neuronal functions 
in the mouse medial mPFC. Using ex vivo brain slices containing the mPFC and transfected HEK293T cells, we found that 
CPZ reduces  CaV2.2 currents by occluding D1R-like constitutive activity, in agreement with a mechanism previously reported 
by our lab, whereas CPZ directly inhibits  CaV1 currents in a D1R-like activity independent manner. In contrast, CPZ and 
D1R constitutive activity did not affect  CaV2.1,  CaV2.3, or  CaV3 currents. Finally, we found that CPZ reduces excitatory 
postsynaptic responses in mPFC neurons. Our results contribute to understanding CPZ molecular targets in neurons and 
describe a novel physiological consequence of CPZ non-canonical action as a D1R-like inverse agonist in the mouse brain.
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Introduction

The dopaminergic system controls many cognitive, motor, 
emotional, and social functions that ultimately regulate 
behavior [1, 2]. Dopamine acts via dopamine receptors 
(D1-5R), a family of G-protein-coupled receptors (GPCR) 
that are highly expressed throughout the mammalian brain 
[3]. Based on their similarities of sequence and their signal-
ing properties, dopamine receptors can be grouped in two 
classes (i.e., D1R-like − D1R and D5R- and D2R-like − D2R, 
D3R, and D4R-) [4]. In particular, D1R receptors are highly 
expressed in the medial prefrontal cortex (mPFC), where 
their activity is crucial for cognitive processes, such as 
working memory, in both physiological and pathological 
states [5]. Notably, D1R-like receptors exhibit high levels 
of constitutive activity, an agonist-independent and active 
conformational state that produces signaling in the absence 
of dopamine [6]. Thus, D1R-like receptors show both ago-
nist-dependent and agonist-independent active modes. Years 
of research have identified numerous cellular targets for 

 * Jesica Raingo 
 jraingo@gmail.com

1 Electrophysiology Laboratory of the Multidisciplinary 
Institute of Cell Biology (Argentine Research Council 
CONICET, Scientific Research Commission of the Buenos 
Aires Province and National University of La Plata), La 
Plata, Buenos Aires, Argentina

2 Neurophysiology Laboratory of the Multidisciplinary 
Institute of Cell Biology (Argentine Research Council 
CONICET, Scientific Research Commission of the Buenos 
Aires Province and National University of La Plata), La 
Plata, Buenos Aires, Argentina

3 Instituto de Investigaciones Farmacológicas, Facultad de 
Farmacia y Bioquímica, Universidad de Buenos Aires, 
Buenos Aires, Argentina

4 Department of Surgical Sciences, Functional Pharmacology 
and Neuroscience, University of Uppsala, Uppsala, Sweden

/ Published online: 25 January 2023

Molecular Neurobiology (2023) 60:2644–2660

1 3

http://orcid.org/0000-0002-6959-8552
http://orcid.org/0000-0001-7480-558X
http://orcid.org/0000-0001-5425-1946
http://orcid.org/0000-0003-0503-5897
http://orcid.org/0000-0002-2546-0359
http://orcid.org/0000-0003-2114-6765
http://orcid.org/0000-0002-2307-0373
http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-023-03221-1&domain=pdf


dopamine receptors ligand-evoked activation, many of them 
linked to a specific behavior in the healthy and the pathologi-
cal brain [7–9]. In contrast, while the molecular basis for 
the basal activity of D1R-like has been well characterized 
in biochemical and mutagenesis in vitro studies [6, 10–12], 
few have explored its relevance in physiological contexts 
[13–16]. In this work, we studied the effects of constitutive 
D1R-like activity on native voltage-gated calcium channels 
 (CaV), proteins that are knowingly sensitive to GPCR activ-
ity and are key for neuronal function.

Since the first evidence for GPCR constitutive activity 
was obtained for the δ-opioid receptor [17], more than 60 
wild-type GPCRs have been confirmed to exhibit constitu-
tive activity [18]. Many of these constitutively active GPCRs 
are receptors for neurotransmitters, and it was proposed 
that their basal signaling provides a tonic support for basal 
neuronal activity [19]. Studying the physiological impact 
of D1R-like and other GPCR constitutive activity can be 
challenging due to the presence of endogenous ligands 
that simultaneously trigger agonist-evoked activity. In this 
regard, the use of ligands that reduce constitutive signal-
ing—inverse agonists—to pharmacologically manipulate the 
level of constitutive activity in both native and recombinant 
systems has been a crucial strategy in the characterization of 
GPCR constitutive activity and its relevance in vivo [20–22]. 
Inverse agonists have been reported for the majority (~ 75%) 
of constitutively active GPCRs [19], and at least two of them 
are endogenous: the Agouti-related peptide (AgRP) for the 
melanocortin-4-receptor (MC4R) and the liver-expressed 
antimicrobial peptide 2 (LEAP-2) for the ghrelin receptor 
(GHSR) [23, 24]. However, many of these ligands are syn-
thetic and some are commonly used drugs with a high phar-
macotherapeutic relevance in the treatment of depression 
and schizophrenia [19]. In particular, several antipsychotic 
drugs, classically described as D2R antagonists, were proven 
through in vitro studies to act as inverse agonists of D1R-
like constitutive activity [10]. Among these, chlorpromazine 
(CPZ) is currently one of the most frequently used antip-
sychotic drugs and it is known to display D1R-like inverse 
agonist properties [25], among other cellular targets [26]. 
The extent to which such D1R-like inverse agonism contrib-
utes to the clinical pharmacology of CPZ remains unknown.

Neurons simultaneously express many  CaV subtypes 
with different sublocalizations and biophysical properties 
that determine their involvement in specific neuronal func-
tions [27]. The activation of neuronal  CaV is one of the main 
sources of activity-dependent calcium entry that contributes 
to firing, initiates synaptic plasticity mechanisms and modu-
lates transcription [28]. One important feature that shapes 
 CaV function is the voltage range at which they are acti-
vated, and in this regard, their currents can be grouped into 
two categories: high voltage-activated (HVA) and low volt-
age-activated (LVA) [29]. The  CaV1 and  CaV2 subfamilies 

mainly contribute to HVA currents, while the  CaV3 subfam-
ily supports LVA currents. We have shown that certain  CaV 
subtypes display a particularly high sensitivity to different 
GPCRs constitutive signaling, including D1R-like [14, 20, 
30–32]. Specifically, previous work from our lab and oth-
ers showed that D1R-like constitutive activity upregulates 
 CaV2.2 currents in mPFC layer 5/6 pyramidal neurons, 
increasing channel density in postsynaptic membranes [14, 
33]. In this context, it would be significant to determine if 
D1R-like constitutive activation and an inverse agonist cur-
rently used in clinical treatments, such as CPZ, affect other 
 CaV subtypes expressed in these mPFC neurons.

In this study, we investigated the effects of a D1R-like 
inverse agonist, CPZ, on a variety of  CaV subtypes expressed 
in the mouse mPFC. We combined in vivo administration of 
CPZ with ex vivo electrophysiological recordings of native 
 CaV currents from mPFC layer 5/6 pyramidal neurons. We 
dissected the effect of CPZ on the different  CaV subtypes that 
contribute to the total native current in these neurons and, 
specifically, explored the role of D1R-like constitutive activ-
ity in a controlled heterologous expression system. Finally, 
we explored the impact of CPZ on excitatory postsynaptic 
activity and transcriptional activity as possible outcomes of 
somatic  CaV current modulation.

Materials and Methods

Animals

This study was performed using 4- to 8-week-old wild-
type (WT) C57BL/6 mice (Mus musculus) of both sexes 
counterbalanced (n = 75). Mice were bred and housed at the 
Multidisciplinary Institute of Cell Biology (IMBICE) ani-
mal facility with a 12-h light/dark cycle, controlled room 
temperature (22 °C ± 2 °C) and ad libitum access to food 
(Gepsa Pilar Group AS, Argentina) and water. All experi-
ments in this study received approval from the Institutional 
Animal Care and Use Committee of the IMBICE (approval 
ID 120,319), in strict accordance with the recommendations 
of the Guide for the Care and Use of Laboratory Animals of 
the National Research Council (US).

Drugs

Chlorpromazine hydrochloride (CPZ, 25 mg/ml injectable 
blister, #50–53-3; Duncan Laboratory AS, Argentina) was 
donated by Dr. Martinez Mónaco and Dr. Pinedo (Italian 
Hospital of La Plata, Buenos Aires, Argentina) and stored 
at 4° C, protected from light. Chlorpromazine working solu-
tions were prepared fresh on experimental days, using sterile 
milli-Q water (for preincubations of transfected HEK293T 
cells), artificial cerebrospinal fluid (aCSF (detailed 
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composition below), for intra-mPFC injections in mice), or 
sterile saline (0.9% NaCl, for intraperitoneal (IP) injections 
in mice). Additionally, the following drugs were used as 
indicated for each experiment: the sodium channel blocker 
tetrodotoxin (TTX, #4368–28-9, Sigma-Aldrich, USA), the 
sodium channel blocker lidocaine N-ethyl bromide (QX-
314, #552,233, Calbiochem, USA), the  CaV1 blocker nifedi-
pine (#N-7634, Sigma-Aldrich, USA), the  CaV2.1 blocker 
ω-agatoxin IVA (#145,017–83-0, Alomone Labs, Israel), 
the  CaV2.2 blocker ω-conotoxin GVIA (#106,375–28-
4, Alomone Labs, Israel), the  CaV2.3 blocker SNX-482 
(#203,460–30-4, Peptide Institute Inc., Japan), the  CaV3 
blocker TTA-P2 (#T-155, Alomone Labs, Israel), nickel 
(II) chloride hexahydrate  (NiCl2, #2,000,979,900, Biopack 
Analytical Systems AS, Argentina), dopamine hydrochloride 
(#62–31-7, Sigma-Aldrich, USA), the D1R-like antagonist 
R( +)-SCH-23390 (#125,941–87-9, Sigma-Aldrich, USA), 
and the D1R-like agonist ( ±)-SKF-38393 hydrochloride 
(#62,717–42-4, Sigma-Aldrich, USA).

Animal Treatment

Stereotaxic surgeries were performed in 8-week-old WT 
mice in order to place a single guide cannula (22G, P1 
Technologies, USA) at the mPFC (placement coordinates 
AP: + 1.9, ML: + 0.5, and DV: − 2.0 mm, according to the 
Mouse Brain Atlas of Paxinos and Franklin [34]). All sur-
geries were performed in the surgical room of the IMBICE 
animal facility in an aseptic environment as required. Mice 
were anaesthetized with Ketamine (150 mg/kg) and Xyla-
zine (15 mg/kg). Flunixin meglumine (Flumeg 5%) was 
used as an analgesic. After surgery, mice were allowed to 
recover for 5 days with daily manipulations of the cannula to 
minimize stress. Twenty-four hours before the experimental 
day, mice were intra-mPFC injected with 0.5 µl of vehicle 
alone (aCSF, detailed composition below) or containing 
CPZ (1 µg/mouse) or SCH-23390 (1 µg/mouse). Addition-
ally, mice were treated by IP injections (0.1 ml/10 g) with 
vehicle alone (sterile 0.9% NaCl) or containing CPZ (1 mg/
kg) or SKF-38393 (3 mg/kg) at 24 h, 2 h, and/or 1 h before 
sacrifice, as indicated for each data set.

Brain Slice Preparations for Electrophysiology

Four- to 8-week-old male and female WT mice were anaes-
thetized with isoflurane (2%) and immediately decapitated. 
Brains were quickly removed and immersed in ice-cold 
95%  O2 and 5%  CO2-equilibrated cutting solution contain-
ing (in mM) 110 choline chloride, 25 glucose, 25  NaHCO3, 
7  MgCl2, 11.6 ascorbic acid, 3.1 sodium pyruvate, 2.5 
KCl, 1.25  NaH2PO4, and 0.5  CaCl2, pH 7.4. Coronal brain 
slices including the mPFC (∼300 μM, 1.5–2.5 mm ante-
rior to bregma) were obtained using a vibratory tissue slicer 

(PELCO easiSlicer, #11,000, Ted Pella Inc., USA) and then 
transferred to an incubation chamber filled with 95%  O2, 
5%CO2–equilibrated aCSF containing (in mM) 124 NaCl, 
26.2  NaHCO3, 11 glucose, 2.5 KCl, 2.5  CaCl2, 1.3  MgCl2, 
and 1  NaH2PO4, pH 7.4. Slices were maintained at 37 °C for 
15 min and left to recover at room temperature (∼23 °C) for 
30 min before recordings.

Brain Slice Preparations for Immunohistochemistry

Eight-week-old male WT mice were individually housed 
3 days before the experimental day and daily handled in 
order to minimize stress. Twenty-four hours before sacrifice, 
mice were IP injected with vehicle alone or containing CPZ 
(1 mg/kg). On the experimental day, mice were IP injected 
with vehicle alone or containing SKF-38393 (3 mg/kg) and 
transcardially perfused with formalin 2 h after treatment. 
Mice brains were removed, postfixed in formalin for 2 h, and 
cryopreserved in 20% sucrose overnight. Then, brains were 
frozen and 4 series of coronal 40 µm slices were obtained 
with a cryostat (Leica CM1520, Germany). One series of 
coronal sections was used to perform an anti-c-Fos immu-
nohistochemistry as previously described [35]. Briefly, brain 
sections were washed with phosphate-buffered saline (PBS), 
incubated with 0.5%  H2O2 for 30 min, incubated with block-
ing solution (2% adult horse serum and 0.25% Triton X-100 
in PBS) for 1 h, and then incubated with an anti-c-Fos anti-
body (1:20,000, #PC38-100UL; Oncogene, USA) for 48 h at 
4 °C. Afterwards, brain sections were sequentially incubated 
with a biotinylated anti-rabbit antibody (1:3,000, #711–065-
152; Jackson ImmunoResearch Laboratories, USA), with 
avidin–biotin complex (Vectastain Elite Kit, #PK-6100), 
and the reaction was revealed with 2′,2′-diaminobencidine 
(DAB)/NiCl2 solution in order to generate a black/purple 
precipitate in c-Fos-immunoreactive (IR) cell nuclei. Brain 
slices were mounted on glass slides with mounting media 
(Canada balsam) and bright-field microphotographs were 
obtained with a Nikon Eclipse 50i microscope equipped 
with a Nikon DS-Ri1 camera in order to quantify c-For-IR 
cells in the mPFC. c-Fos-IR cells were quantified using the 
software Fiji (ImageJ) and expressed as c-Fos-IR cells per 
hemi-mPFC subdivision.

Cell Culture and Transfections

Human embryonic kidney 293 T (HEK293T) cells were 
grown in Dulbecco’s modified Eagle’s medium (DMEM; 
#D5030, Gibco, Thermo-Fisher, USA) with 10% FBS (Inter-
negocios AS, Argentina) and subcultured when 80% conflu-
ence was reached. For patch clamp experiments, HEK293T 
cells were cotransfected with plasmids containing human 
D1R (DRD1, GenBank Acc. No. X55760), voltage-gated 
calcium channel alpha-1 subunits  CaV1.2 (Cacna1c; GB 
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Acc. No. AY728090),  CaV1.3 (Cacna1d; GB Acc. No. 
AF370009),  CaV2.1 (Cacna1a; GB Acc. No. AY714490), 
 CaV2.2 (Cacna1b; GB Acc. No. AF055477),  CaV3.1 (Cac-
na1g; GB Acc. No. AF190860),  CaV3.2-GFP (Cacna1h; GB 
Acc. No. NM021098), and  CaV3.3 (Cacna1i; GB Acc. No. 
NM021096) and auxiliary subunits  CaVβ3 (Cacnb3; Gen-
Bank Acc. No. M88751) and  CaVα2δ1 (Cacna2d1; GenBank 
Acc. No. AF286488), as indicated for each experiment. The 
D1R (#DRD0100000, cDNA Resource Center, USA) and 
 CaV3.1 (#45,811, AddGene, USA) clones were purchased. 
The clones for  CaV1.2,  CaV1.3,  CaV2.1,  CaV2.2,  CaV3.3, 
 CaVβ3, and  CaVα2δ1 were kindly donated by Dr. Diane Lip-
scombe (Brown University, USA), and the  CaV3.2-GFP 
clone was provided by Dr. Emmanuel Bourinet (Université 
de Montpellier, France).

For electrophysiology, cells were cotransfected with a 
D1R:CaV molar ratio of 0.1 (equal to 23 ng of D1R per 
well). Transient transfections were conducted using Lipo-
fectamine 2000 (#11,668,019, Invitrogen, Thermo-Fisher, 
USA), with the addition of an enhanced GFP (eGFP) con-
taining plasmid to identify transfected cells and the empty 
plasmid pcDNA3.1 ( +) to complete the total cDNA amount 
in the transfection mix. Transfected HEK293T cells were 
kept in culture for 24 h to allow  CaV2.X expression or for 
48 h to allow  CaV1.X and  CaV3.X expression. On the day 
of the experiment, cells were dispersed with 0.25 mg/ml 
trypsin (#15,090–046) (Gibco, Thermo-Fisher, USA), rinsed 
twice, and kept in DMEM at room temperature (∼23 °C) 
during patch clamp experiments.

Additionally, stable and transient transfections were per-
formed for fluorescence resonance energy transfer (FRET) 
time course of intracellular cyclic adenosine monophosphate 
(cAMP) experiments. The mTurquoise2-EPAC-cp173Ve-
nus-Venus (Epac-S H187) construct was provided by Dr. 
Kees Jalink (Netherlands Cancer Institute, the Netherlands) 
[36]. Stable HEK293T-expressing pcDNA3.1/Zeo(1)-
mTurquoise2-EPAC-cp173Venus-Venus (Epac-S H187) 
(HEKT Epac-S H187) cells were obtained by transfection 
of HEK293T using the K2 Transfection System (Biontex, 
Germany). After 24 h, cells were seeded in the presence of 
25 μg/ml Zeocin (InvivoGen, USA) for 2 weeks and clonal 
selection was performed in 96-well plates for 2 weeks. 
Clones were tested for Epac-S H187 by fluorescence spectra 
(450–650 nm) measurements in a FlexStation 3 Multi-Mode 
Microplate Reader (Molecular Devices, USA) with excita-
tion at 430 nm. The HEKT Epac-S H187 clone with higher 
fluorescence emission was chosen for further experiments. 
The stable clone was grown in DMEM medium supple-
mented with 10% FBS, 50 μg/ml gentamicin, and 12.5 μg/
ml Zeocin. For transient transfections, HEKT Epac-S H187 
cells were grown to 80–90% confluency. Plasmids contain-
ing the D1R or pcDNA3.1 ( +) cDNA constructs were trans-
fected into cells using the K2 Transfection System (Biontex, 

Germany), as recommended by the supplier. Assays were 
performed 48 h after transfection.

Electrophysiology

Brain Slice Electrophysiology

After recovery, the acute coronal mouse brain slices contain-
ing the mPFC were transferred to the recording chamber and 
visualized with an upright Zeiss Examiner A1 microscope 
(#491,404–0001-000, Zeiss, Germany), a digital camera 
(Rolera Bolt Scientific CMOS; QImaging, Canada) and 
Micro-Manager 1.4 open-source microscopy software (Vale 
Lab, University of California, USA). Layer 5/6 pyramidal 
neurons of the prelimbic and infralimbic areas of the mPFC 
were identified by localization and morphology [37]. Patch 
clamp recordings in brain slices were made with an EPC7 
amplifier (HEKA Electronik, Germany) and data were 
sampled at 20 kHz and filtered at 10 kHz (− 3 dB) using 
PatchMaster software (HEKA Electronik, Germany). Series 
resistances of less than 6 MΩ were admitted and compen-
sated 80% with a 10 μs lag time. Leak current was sub-
tracted online using a P/ − 4 protocol, and recordings with 
leak currents over 100 pA at holding potential were dis-
carded. Whole-cell patch clamp recordings in voltage-clamp 
mode were conducted at room temperature (∼23 °C) in the 
previously described aCSF under a continuous flow rate of 
2.5 ml/min. The datasets for each experimental condition 
were obtained from at least three animals on independent 
experimental days.

To record native calcium currents, recording electrodes 
with resistances between 4 and 8 MΩ were filled with an 
internal solution containing (in mM): 115 Cs-methanesul-
fonate, 20 tetraethylammonium chloride, 10 CsCl, 5 NaCl, 
10 HEPES, 10 EGTA, 4 Mg-ATP, and 0.3 Na-GTP, pH 7.4. 
TTX (1 μM) was added to normal aCSF to block native 
voltage-gated sodium channels. Neurons were held at resting 
potential (− 80 mV) and native calcium currents were evoked 
applying square pulses from holding to 0 mV (100 ms dura-
tion) or to − 30 mV (200 ms duration), with a subsequent 
step at − 60 mV (50 ms duration) before returning to resting 
potential. Finally, to identify the contribution of the different 
 CaV subtypes to total native calcium currents, the specific 
blockers nifedipine (10 μM,  CaV1 blocker), ω-agatoxin-
IVA (1 μM,  CaV2.1 blocker), ω-conotoxin-GVIA (1 μM, 
 CaV2.2 blocker), SNX-482 (100 nM,  CaV2.3 blocker),  NiCl2 
(100 μM,  CaV2.3 and  CaV3 blocker [38, 39]) or TTAP-2 
(1 µM,  CaV3 blocker) were added to the bath solution.

To record excitatory postsynaptic currents (EPSC), 
recording electrodes were filled with an internal solution 
containing (in mM): 115 Cs-methanesulfonate, 20 tetraeth-
ylammonium chloride, 5 NaCl, 10 HEPES, 10 EGTA, 4 Mg- 
ATP, and 0.3 Na-GTP, pH 7.4. Cells were held a − 70 mV 
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as resting potential. For the electrically evoked EPSC from 
layer 5/6 pyramidal neurons, QX-314 (10 mM) was added 
to the internal solution to avoid action potentials in the 
recorded neuron and a stimulating unipolar electrode was 
placed in layer 2/3 (20 mA, 1 ms duration, every 10 s). To 
record miniature EPSC (mEPSC), TTX (1 μM) was added 
to normal aCSF and cells were held at − 70 mV.

HEK293T Cell Electrophysiology

Patch clamp recordings in HEK293T cells were made with 
an Axopatch 200 amplifier (Molecular Devices, USA) 
and data were sampled at 20 kHz and filtered at 10 kHz 
(− 3 dB) using pCLAMP8.2 software (Molecular Devices, 
USA). Series resistances of less than 6 MΩ were admitted 
and compensated 80% with a 10 μs lag time. Leak current 
was subtracted online using a P/ − 4 protocol and recordings 
with leak currents over 100 pA at holding potential were dis-
carded. The datasets for each experimental condition were 
obtained from at least three independent experiments.

Whole-cell patch clamp recordings in voltage-clamp 
mode were performed to obtain ionic  CaV-mediated cal-
cium currents in transfected HEK293T cells. Recording 
electrodes with resistances between 2 and 5 MΩ were used 
and filled with internal solution containing (in mM): 134 
CsCl, 10 HEPES, 10 EGTA, 4 MgATP, and 1 EDTA, pH 
7.3. All recordings were conducted at room temperature 
(∼23 °C). To record  CaV2.1–2 and  CaV1.2–3 currents, the 
external solution contained (in mM) 140 choline chloride, 
10 HEPES, 1  MgCl2.6H2O, and 2  CaCl2.H2O, pH 7.4. To 
evoke these calcium currents, the test-pulse protocol con-
sisted square pulses from − 100 to − 10 mV  (CaV1.3), 0 mV 
 (CaV1.2), or 10 mV  (CaV2.1–2) (30 ms duration) followed 
by a step at − 60 mV (10 ms duration), every 10 s. Cur-
rent–voltage (I-V) curves were constructed for  CaV2.2 cur-
rents by measuring the peak of the current in response to 
30 ms depolarizing steps from − 80 mV to + 40 mV in 10 mV 
increments from a holding membrane potential of − 100 mV. 
To record  CaV3.1–3 current, we used an external solution 
that contained (in mM): 10  BaCl2, 1  MgCl2, 10 HEPES, 140 
TEA-chloride and 6 CsCl, pH 7.4, and the test-pulse proto-
col consisted in square pulses applied from − 100 to − 20 mV 
(for  CaV3.1–2) or − 30 mV (for  CaV3.3) (200 ms duration), 
every 10 s. In all cases, cells were held at − 100 mV as rest-
ing potential.

FRET Time Course of Intracellular cAMP

FRET time course of cAMP intracellular levels was meas-
ured as previously described [40]. Briefly, transfected 
HEKT Epac-S H187 cells were seeded in 96-well plates at 
a density of ~ 100 cells per well. Before each experiment 
was started, cells were washed with 0.9% NaCl twice, and 

100 μl of FluoroBrite DMEM (Thermo-Fisher, USA) was 
added to each well before placing the plate in a FlexStation 3 
(Molecular Devices, USA) at 37 °C. To determine the intra-
cellular cAMP response, the baseline fluorescence signal 
detected at 475 nm (donor) and 530 nm (FRET) emission 
with excitation at 430 nm was measured. Using the on-board 
pipettor, 50 μl of dopamine and/or SCH-23390 3 μM stock 
solution (to reach a final concentration of 1 μM in the well) 
or FluoroBrite DMEM was added after 40 s, and then the 
signals were monitored every 20 s for a total of 600 s. FRET 
and donor intensities were measured for each time point. 
FRET/ donor ratio was calculated and normalized to basal 
levels before stimulation (R/R0) for each time point. An area 
under the curve (AUC) value of 9-min (540 s) R/R0 intracel-
lular cAMP response was calculated for each replicate. The 
datasets for each experimental condition were obtained from 
at least three independent experiments.

Statistical Analysis

Data were analyzed and visualized using OriginPro 8 (Ori-
gin-Lab Corp, USA) and Prism 6 (GraphPad Software Inc., 
USA) software. Figures and artwork were created using 
Prism 6 (GraphPad Software Inc., USA) and Adobe Illus-
trator (Adobe Systems Inc., USA). We used the Kolmogo-
rov–Smirnov test for conformity to a normal distribution, 
and variance homogeneity was examined using Bartlett’s 
(normally distributed data) and Brown–Forsythe’s (non-
normally distributed data) tests. For normally distributed 
data, p values were calculated from Student’s one-sample t 
test or unpaired two-sampled t test and multiple comparison 
one-way ANOVA with Dunn’s or Tukey’s post hoc tests. 
In data sets with a nonnormal distribution, p values were 
calculated from Mann–Whitney test or Kruskal–Wallis test 
with Dunn’s or Tukey’s post hoc tests. I–V curves were fitted 
using the linear Boltzman function. The specific statistical 
test used and sample size for each dataset are indicated in the 
figure legends, including p values. Data were expressed as 
the mean ± SEM, and dots represent individual data.

Results

We first assayed the effect of systemically-injected CPZ 
(1 mg/kg IP) on  CaV total native currents of layer 5/6 pyram-
idal neurons from the mPFC. In order to explore the effect of 
CPZ on HVA and LVA calcium currents, we measured the 
current evoked by two different square-pulse voltage proto-
cols, one from − 80 mV to − 30 mV (for LVA currents) and 
another from − 80 mV to 0 mV (for HVA currents) [41]. We 
found that CPZ significantly reduces HVA currents and has 
no effect on LVA currents (Fig. 1a). In order to discriminate 
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the putative inverse agonist effect of CPZ on D1R-like from 
possible CPZ effects on other cellular targets, we com-
bined the application of CPZ with SCH-23390, a D1R-like 
selective antagonist that is frequently used in competition 

binding assays due to its high affinity for these receptors 
[42]. Specifically, we intra-mPFC administered SCH-23390 
(1 μg/mouse), CPZ (1 μg/mouse), or vehicle before systemic 
injections of CPZ (1 mg/kg, IP) or vehicle (Fig. 1b). We 

Fig. 1  Chlorpromazine selectively reduces high-voltage activated cal-
cium currents in mPFC slices, and this effect is prevented by coad-
ministration of a highly selective D1R-like antagonist. a Representa-
tive traces and averaged native calcium currents (ICav) recorded at 
0  mV (high voltage-activated (HVA)) or recorded at − 30  mV (low 
voltage-activated (LVA)) from layer 5/6 pyramidal neurons in mPFC 
slices obtained from mice IP treated with 0.9% NaCl vehicle (Veh; 
HVA: n = 11; LVA: n = 14) or chlorpromazine (CPZ, 1 mg/kg; HVA: 
n = 10; LVA: n = 12). Mann–Whitney test (HVA currents). Unpaired 

t test (LVA currents). b Schematic representation of the experimen-
tal design combining intra-mPFC infusions of aCSF (Veh), SCH-
2339 (SCH, 1  µg/brain), or CPZ (1  µg/brain), with IP injections of 
0.9% NaCl (Veh) or CPZ (1 mg/kg). c Averaged HVA ICav recorded 
at 0 mV in layer 5/6 pyramidal neurons in mPFC slices obtained from 
the experimental conditions shown in B (Veh/Veh, n = 10; SCH/Veh, 
n = 6; Veh/CPZ, n = 8; CPZ/Veh, n = 13; SCH/CPZ, n = 5). Kruskal–
Wallis test with Dunnet’s post test (Veh/Veh). *p < 0.05; **p < 0.005; 
non-statistically significant (n.s.)
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found that IP-injected and intra-mPFC-injected CPZ display 
undistinguishable effects on native HVA currents, suggest-
ing that this current reduction is due to the local effect of 
CPZ in the mPFC. Moreover, we observed that SCH-23390 
does not affect HVA currents but prevents the effect of IP 
CPZ on these currents (Fig. 1c). These results could indi-
cate that CPZ prevents D1R-like constitutive stimulation of 
native HVA currents. To gain further insight on this effect, 
we examined CPZ and D1R-like constitutive activity’s mod-
ulation of the different  CaV subtypes expressed in mPFC 
neurons.

We previously reported that D1R constitutive activity 
stimulates  CaV2.2 currents in a heterologous expression sys-
tem [14]. Thus, we tested if  CaV2.2, one of the HVA chan-
nels highly expressed in the mPFC, is a target of CPZ. We 
assayed the effect of a specific  CaV2.2 blocker, ω-conotoxin 
GVIA (1 µM), in the same experimental conditions shown 

in Fig. 1b. We found that CPZ, whether it is administered 
IP or intra-mPFC, dramatically reduces the percentage of 
current sensitive to ω-conotoxin GVIA in mPFC neurons, 
and this effect is occluded by the previous intra-mPFC 
application of SCH-23390 (Fig. 2a). Likewise, we regis-
tered  CaV2.2 currents in transfected HEK293T cells and 
applied the same pharmacological strategy preincubating 
cells with SCH-23390 (1 μM) and/or CPZ (1 μM) (Fig. 2b). 
We found, as we had previously reported [14], that D1R 
coexpression increases  CaV2.2 currents and that preincuba-
tion with the inverse agonist CPZ occludes this upregulation. 
Interestingly, coincubation with SCH-23390 prevents CPZ 
inhibitory effect. Additionally, we constructed I–V curves 
for recombinant  CaV2.2 currents in the absence or presence 
of D1R and found that D1R coexpression drastically reduces 
the  Gmax value and produces a mild but significant shift in 
the  V0.5 value. Moreover, CPZ preincubation occludes D1R 
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mPFC neurons and HEK293T cells and this effect is prevented by a 
highly selective D1R-like antagonist. a Representative traces and 
averaged values of percentage inhibition of native calcium currents 
(ICav) recorded at 0  mV (high voltage-activated (HVA)) after bath 
application of ω-conotoxin GVIA (1 µM) in layer 5/6 pyramidal neu-
rons of mPFC slices obtained from mice cotreated with intra-mPFC 
infusions of aCSF vehicle (Veh), SCH-2339 (SCH, 1  µg/brain), or 
chlorpromazine (CPZ, 1  µg/brain) and IP injections of 0.9% NaCl 
(Veh) or CPZ (1  mg/kg) (Veh/Veh, n = 9; SCH/Veh, n = 4; Veh/
CPZ, n = 6; CPZ/Veh, n = 8; SCH/CPZ, n = 4). Kruskal–Wallis test 
with Dunnet’s post-test (Veh/Veh). b Representative traces and 

averaged calcium  CaV2.2 currents (ICav2.2) recorded in HEK293T 
cells transfected with  CaV2.2 and the auxiliary subunits  CaVα2δ1 
and  CaVβ3, alone (− D1R, n = 24) or with D1R (+ D1R, n = 20) 
preincubated or not with CPZ (1  µM) and/or SCH-23390 (1  µM) 
(+ CPZ, n = 12; + SCH, n = 16; + SCH + CPZ, n = 11). Kruskal–Wal-
lis test with Dunnet’s post-test (− D1R). c Averaged calcium current 
peak-voltage (I-V) relationship (left) and averaged Gmax, V0.5, Vrev, 
and K values (right) obtained from HEK293T cells cotransfected 
with  CaV2.2 and the auxiliary subunits  CaVα2δ1 and  CaVβ3, alone 
(− D1R, n = 21) or with D1R (+ D1R, n = 9) preincubated or not 
with CPZ (1 µM, n = 5). Mann–Whitney test. *p < 0.05; **p < 0.005; 
***p < 0.0005; non-statistically significant (n.s.)
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effect on  Gmax but not on the  V0.5 value (Fig. 2c). Further-
more, we verified SCH-23390 antagonism on D1R activ-
ity in our experimental system by assaying its effect on 
dopamine-stimulated cAMP response in cells expressing 
D1R (Fig. 3a) and dopamine-evoked  CaV2.2 current inhibi-
tion in cells coexpressing D1R and  CaV2.2 (Fig. 3b). These 
results indicate that  CaV2.2 contribute to the native HVA 
currents inhibited by CPZ in mPFC neurons and that this 
effect involves a reduction of D1R-like constitutive activity.

Other groups of  CaV that contribute to HVA currents 
and are abundantly expressed at soma and dendrites of 
mPFC neurons are  CaV1.2 and  CaV1.3 [43, 44]; therefore, 
we explored if the in vivo administration of CPZ impacts 
 CaV1 currents. We measured the sensitivity of native HVA 
calcium currents to nifedipine (10 µM), a L-type channel 
blocker of the dihydropyridine family [45, 46], in layer 5/6 
pyramidal neurons of the mPFC. Figure 4a shows that IP or 
intra-mPFC administration of CPZ significantly reduces the 
percentage of current sensitive to nifedipine. Surprisingly, 
the pretreatment with SCH-23390 fails to reverse this effect, 
suggesting that the effect of CPZ on  CaV1 currents involves 
a D1R-independent mechanism. To test this possibility, we 
assayed if D1R coexpression impacts  CaV1.2 and  CaV1.3 
currents in transfected HEK293T cells. We found that the 
presence or the absence of D1R does not affect  CaV1.2 or 
 CaV1.3-mediated current levels (Fig. 4b, c). In light of these 
results and previous work that show an inhibitory effect of 
CPZ on  CaV1 currents in cultured neuroblastoma cells [47], 
we tested if CPZ has a direct inhibitory effect on  CaV1.3 
currents. First, we transfected HEK293T cells with the 
 CaV1.3 alone, preincubated them with CPZ (1 µM) for 44 h 

and found that this chronic CPZ preincubation dramatically 
reduces basal current levels (Fig. 4d). Also, we evaluated the 
effect of acute bath application of CPZ (1 µM) on  CaV1.3 
currents and observed a significant inhibition (Fig. 4e), again 
in the absence of D1R. Our results suggest that  CaV1 chan-
nels are not sensitive to D1R constitutive activity and that 
they are directly inhibited by CPZ.

We explored the contribution of the typically presynap-
tic channel  CaV2.1 to the HVA currents of mPFC neurons. 
We found a nonsignificant contribution of  CaV2.1 to the 
native HVA current, measured as the percentage of current 
sensitive to ω-agatoxin-IVA (1 µM) in animals IP treated 
either with vehicle or CPZ (Fig. 5a), an expected result for 
our brain slice preparation where most axon terminals of 
pyramidal neurons are likely absent. Moreover, we con-
firmed that  CaV2.1 is not sensitive to D1R coexpression in 
HEK293T cells (Fig. 5b). Additionally, we tested the sensi-
tivity of HVA currents from vehicle or CPZ-treated mice to 
the  CaV2.3 blocker SNX-482 (100 nM) and failed to observe 
a significant effect of this drug on either condition (vehicle: 
8.26 ± 4.01%, n = 4, one-sample t test versus zero, p = 0.13; 
CPZ: 8.28 ± 3.87%, n = 5, one-sample t test versus zero, 
p = 0.10).

Finally, we explored the effect of IP administration of 
CPZ on the main conductances supporting calcium currents 
at low voltages, which are the  CaV3.1,  CaV3.2, and  CaV3.3 
subtypes. We evoked LVA currents with a square-pulse 
protocol from − 80 mV to − 30 mV, a potential at which 
we expect a maximum contribution of  CaV3 currents. We 
acutely applied  NiCl2 (nickel, 100 µM), which blocks  CaV3 
and also  CaV2.3 currents [38, 39] and found that systemic 
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CPZ treatment does not affect the current sensitivity to 
nickel (vehicle: 60.57 ± 9.10%, n = 9; CPZ: 61.44 ± 9.25%, 
n = 8; unpaired t test, p = 0.95). At the low voltages used in 
these experiments, we expect the majority of the current 
sensitive to nickel to be produced by  CaV3 channels, since 
 CaV2.3 current amplitude at − 30 mV is ~ 20% of its maxi-
mum activation [38]. In order to specifically target  CaV3 
channels, we evaluated the effect of the  CaV3 blocker TTA-
P2 (1 µM) in neurons from vehicle or CPZ-treated animals 
and isolated the TTA-P2-sensitive LVA currents by sub-
tracting current remaining in the presence of TTA-P2 from 
control current. We observed a similar sensitivity of LVA 
currents in both experimental conditions, and this TTA-
P2-sensitive current displayed a faster kinetic, consistent 
with a  CaV3-mediated current (Fig. 6a). Then, we assayed 
the effect of D1R coexpression on  CaV3.1,  CaV3.2 and 

 CaV3.3 channels in transfected HEK293T cells, and found 
that neither of these currents is modified by D1R coexpres-
sion (Fig. 6b–d).

Since we found that CPZ reduces  CaV1 and  CaV2.2 cur-
rents and these effects could negatively impact somatoden-
dritic calcium currents, we hypothesized that CPZ could 
alter calcium-dependent neuronal functions, such as the 
excitatory postsynaptic responses [48]. Since the AMPA 
(α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) 
receptor density on postsynaptic sites is controlled by cal-
cium dependent mechanisms, we evaluated if CPZ treat-
ment modifies the spontaneous excitatory synaptic activity 
and the excitatory response of mPFC neurons to electrical 
stimuli. We explored the effect of CPZ IP treatment on 
mEPSCs and compared their amplitude, a parameter gener-
ally related to postsynaptic excitatory receptor density, and 
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their frequency, typically associated to the degree of gluta-
mate release from presynaptic vesicles [49]. We found that 
IP CPZ reduces both parameters suggesting the presence 
of a postsynaptic CPZ effect, possibly due the reduction 
of somatodendritic  CaV1 and  CaV2.2 currents, as well as 
an additional mechanism of CPZ at the presynaptic level 
(Fig. 7a). Next, we studied the effect of IP CPZ on the 
evoked EPSC recorded in layer 5/6 and evoked by electrical 
stimulation in layer 2/3 and found a significant reduction of 
the EPSC amplitude (Fig. 7b). Meanwhile, since it has been 
reported that acute D1R-like agonist application potentiates 
EPSCs in the mPFC [50], we evaluated the effect of SKF-
38393 on EPSC. We confirmed that this D1R-like agonist 
increases the EPSC amplitude in our experimental setup, 
although we failed to observe a significant impact of CPZ 
pretreatment on this potentiation (vehicle: 41.49 ± 20.99% 

of increase, n = 3; vs. CPZ: 29.37 ± 8.75% of increase, 
n = 4; Mann–Whitney test, p > 0.999). Another possible 
consequence of a reduced activity of  CaV1 and  CaV2.2 
could be a smaller response of transcriptional activity upon 
stimulation. Considering that SKF-38393 increases the lev-
els of the transcriptional factor c-Fos [51], we evaluated if 
this effect persists with a CPZ pretreatment. Therefore, we 
performed immunohistochemistry assays to evaluate the 
number of c-Fos-IR cells in the mPFC after IP treatment 
with vehicle, CPZ, and/or SKF-38393 (Fig. 8a). In a set of 
mice, we confirmed that SKF-38393 treatment (3 mg/kg) 
increases the number of c-Fos-IR cells in the mPFC, as 
compared to vehicle treatment (vehicle: 52.31 ± 9.69 c-Fos 
IR cells, n = 7; vs. SKF-38393: 134.7 ± 22.30 c-Fos IR 
cells, n = 9; unpaired t test, p = 0.005) (Fig. 8b). Next, we 
compared c-Fos induction in mice pretreated with vehicle 

Fig. 7  Chlorpromazine 
decreases basal and evoked 
excitatory currents in mPFC 
neurons. a Top: representative 
traces of miniature excita-
tory postsynaptic currents 
(mEPSC) recorded from layer 
5/6 pyramidal neurons in mPFC 
slices obtained from mice IP 
treated with 0.9% NaCl vehicle 
(Veh, n = 17) or chlorproma-
zine (CPZ, 1 mg/kg, n = 14). 
Bottom: averaged cumulative 
probability values and mean 
amplitude or frequency values 
of mEPSC. Mann–Whitney test. 
b Left: schematic representa-
tion of a coronal brain slice 
containing the mPFC indicating 
the position of the stimulating 
electrode (SE) in layer 2/3 and 
the recording electrode (RE) 
in layer 5/6. Inset: infrared dif-
ferential interference contrast 
image of a pyramidal neuron 
from layer 5/6 of the mPFC 
under experimental conditions. 
Scale bar represents 10 µm. 
Middle and right: representative 
traces and averaged amplitude 
of excitatory postsynaptic cur-
rents (EPSC) evoked by electri-
cal stimuli and recorded from 
layer 5/6 pyramidal neurons 
in mPFC slices obtained from 
mice IP treated with 0.9% NaCl 
(Veh, n = 9) or chlorpromazine 
(CPZ, 1 mg/kg, n = 12). Black 
triangles indicate the electrical 
stimulus application. Mann–
Whitney test

0.0

0.5

1.0

0 1 2
Inter-event interval (s)

C
um

ul
at

iv
e 

pr
ob

ab
ilit

y

3
0.0

0.5

1.0

0 10 20 30 40
Amplitude (-pA)

C
um

ul
at

iv
e 

pr
ob

ab
ilit

y

50

*

0

20

10

Am
pl

itu
de

 (-
pA

)
a

Veh

CPZ

-70 mV

0.25 s

20
 p

A

-70 mV

mEPSC

EPSC

25 ms

0.
1 

nA

Veh CPZ

-70 mV

0

1.5

1.0

0.5EP
SC

 (-
nA

)

Veh CPZ

*

b

**

0

20

10

Fr
eq

ue
nc

y 
(H

z)

RE

SE

2654 Molecular Neurobiology  (2023) 60:2644–2660

1 3



or CPZ (1 mg/kg) and, 24 h later, with SKF-38393 (3 mg/
kg). We observed that, in the latter case, SKF-38393 treat-
ment does not induce a significant increase in the number 
of c-Fos-IR cells in the mPFC, as compared to the CPZ/
vehicle treatment (CPZ/vehicle: 74.57 ± 10.17 c-Fos IR 
cells, n = 6; vs. CPZ/SKF-38393: 118.40 ± 16.29 c-Fos IR 
cells, n = 6; Mann–Whitney test, p = 0.094) (Fig. 8c). Over-
all, these findings suggest that CPZ administration impacts 
calcium-dependent processes in the mPFC.

Discussion

In this study, we found that CPZ, a commonly used antip-
sychotic drug and a D1R-like inverse agonist, reduces HVA 
currents of pyramidal neurons from the mouse mPFC, with 
no effect on LVA currents. We found that CPZ reduced D1R-
like constitutive activity-mediated stimulation of  CaV2.2 
currents in HEK293T cells and mPFC neurons. Additionally, 
CPZ directly inhibited  CaV1 currents. Both mechanisms of 

Fig. 8  SKF-38393 enhances 
c-Fos reactivity in the mPFC, 
and this effect is impaired by 
chlorpromazine pretreatment. 
a Schematic representation of 
a coronal brain slice contain-
ing the mPFC. Inset shows the 
mPFC area delimitated accord-
ing to Paxinos and Franklin 
[34]. Fmi: forceps minor corpus 
callosum. b Representative 
microphotographs of the immu-
nohistochemistry against c-Fos 
in coronal brain slices contain-
ing the mPFC of mice IP treated 
with 0.9% NaCl vehicle (Veh) 
or SKF-38393 (SKF, 3 mg/kg) 
2 h before sacrifice. c Repre-
sentative microphotographs 
of the immunohistochemistry 
against c-Fos in coronal brain 
slices containing the mPFC of 
mice IP treated with chlor-
promazine (CPZ, 1 mg/kg) 
24 h before IP injections of 
0.9% NaCl vehicle (Veh) or 
SKF-38393 (SKF, 3 mg/kg) 
(2 h before sacrifice). Schematic 
divisions according to Paxinos 
and Franklin [34] are overlayed 
in the figures. Scale bar: 100 µm
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action contribute to the reduced HVA currents. In contrast, 
neither CPZ significantly affected neuronal  CaV2.1,  CaV2.3, 
or  CaV3 conductances, nor D1R constitutive activity modi-
fied the recombinant  CaV2.1 or  CaV3 currents. We evaluated 
the effect of CPZ on some neuronal functions that could be 
altered by a lessened postsynaptic  CaV1 and  CaV2.2 activity. 
We found that this antipsychotic drug significantly reduced 
both spontaneous and evoked excitatory postsynaptic cur-
rents and impaired the transcriptional activity induced by a 
specific D1R-like agonist in mPFC neurons.

Optimal levels of D1R-like stimulation are key for pre-
frontal-mediated cognition and D1R-based therapeutics have 
been proposed for the treatment of cognitive deficits caused 
by schizophrenia and other psychiatric disorders [52]. Dif-
ficulties have arisen in determining what the optimal level 
of D1R-stimulation is and, in this regard, the D1R-like con-
stitutive activity could be a factor that is not being taken 
into account. Abundant evidence shows that physical and 
cognitive exercise can modulate dopamine levels and D1R-
like expression in the PFC and prove beneficial on cognition 
[53–55]. This dynamic levels of D1R-like expression in the 
PFC could mean different levels of constitutive signaling. 
Additionally, understanding the physiological relevance of 
constitutive activity would require to individually study the 
cellular targets of this signaling, without presuming that the 
known targets of D1R-like dopamine-evoked activity will be 
equally sensitive to its constitutive activity. In this work, we 
focused on  CaV subtype sensitivity to D1R-like constitutive 
activity, knowing that these proteins are sensitive to other 
constitutively active GPCRs and that  CaV activity is key for 
many neuronal functions.

D1R-like agonist-evoked activity differentially modulates 
 CaV subtypes. The rapid activation of D1R-like induced by 
dopamine or subtype-specific agonists, such as SKF-38393 
used in this study, acutely inhibits  CaV2.1,  CaV2.2, and  CaV3 
channels [33, 56–58], whereas it enhances  CaV1 currents 
[57, 58]. However, less is known about how D1R-like con-
stitutive activity affects  CaV currents. Here, we used a phar-
macological strategy combining a D1R-like inverse agonist 
(CPZ) and neutral antagonist (SCH-23390) to manipulate 
the receptor constitutive activity and its effect on  CaV cur-
rents. Regarding the mechanism of action of these ligands, 
it is claimed that inverse agonists stabilize the inactive state 
and reduce basal GDP/GTP exchange, while agonists bind 
and stabilize a specific active state of a given GPCR. In 
contrast, neutral antagonists do not alter the equilibrium 
between active and inactive states nor do they change basal 
G-protein activity, but instead they block the inhibitory 
effect of inverse agonists and the stimulatory effect of ago-
nists [19]. We confirmed that SCH-23390 effectively antago-
nized dopamine-induced D1R activation in our experimen-
tal setup using electrophysiological recordings and cAMP 
measurements in a heterologous expression system, similar 

to what was previously shown [25]. Here, we found that 
SCH-23390 successfully prevented CPZ effect on D1R 
constitutive activity, administered both in vivo and in vitro. 
Thanks to SCH-23390 high specificity and binding affinity 
to D1R-like [42, 59], this pharmacological approach allowed 
us to elucidate whether CPZ effects were acting on D1R-like 
constitutive activity or on other cellular targets. The same 
strategy was previously used in a study that measured ade-
nylyl cyclase activity in PC2 cells transfected with D1R and 
treated with the inverse agonists clozapine and fluphenazine 
[25]. More recently, SCH-23390 was shown to occlude the 
inverse agonism of flupentixol and clozapine on D5R consti-
tutive activity in striatal slices from a mouse model of dyski-
nesia [16]. We confirmed that CPZ acts locally in the mPFC 
reducing D1R-like constitutive upregulation of  CaV2.2 cur-
rents. Interestingly, CPZ effect on native  CaV1 currents was 
insensitive to SCH-23390 administration in the mPFC. In 
addition, our data in transfected HEK293T cells show that 
D1R coexpression does not modify  CaV1.2–3 currents and 
that CPZ acutely and chronically reduces  CaV1.3, indicating 
that this drug has a direct inhibitory effect on these channels. 
Likewise, a previous work showed that CPZ had a direct and 
reversible blocking action on calcium currents from cultured 
mouse neuroblastoma cells [47].

We found that CPZ reduces HVA currents in mPFC neu-
rons through two independent mechanisms. First, CPZ affects 
 CaV2.2 contribution through a D1R-dependent mechanism: 
while D1R constitutive activity enhances  CaV2.2 currents 
through an increase in the  Gmax value, CPZ acting as a D1R-
like inverse agonist occludes this effect and reduces these 
currents. Interestingly, CPZ preincubation was able to prevent 
D1R increase of the  Gmax value but not the observed shift in 
the  V0.5 value, suggesting that this effect of D1R could be 
due to a different mechanism. Secondly, CPZ significantly 
reduces  CaV1 currents in the mPFC through a direct effect 
on these channels that is independent of D1R. Since  CaV1 are 
typically postsynaptic channels [44] and  CaV2.2 have been 
reported to have a noncanonical postsynaptic distribution in 
the mPFC [33], both of these channels would control somato-
dendritic calcium entry in pyramidal mPFC neurons. In con-
trast, CPZ did not affect  CaV2.1,  CaV2.3, and  CaV3, which are 
expected to contribute to neurotransmitter release and firing, 
respectively [60–63]. Thus, we postulate that D1R-like con-
stitutive activity could have an impact on calcium-dependent 
postsynaptic activity. Considering that CPZ effect is partially 
due to its D1R-like inverse agonist properties, our results 
suggest that D1R-like constitutive activity is related to higher 
basal excitatory responses, larger EPSC responses to electri-
cal stimuli, and increased transcriptional activity induced by 
a D1R-like agonist. These larger excitatory responses would 
produce bigger somatic and dendritic depolarizations that 
could trigger postsynaptic plasticity mechanisms including 
increased AMPA membrane expression and phosphorylation, 
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among other long-lasting changes at the transcriptional and 
structural level [64, 65]. On the other hand, the mPFC is 
modulated by dopamine release from ventral tegmental area 
projections [66]. Previous reports demonstrated that the acti-
vation of D1R-like by dopamine or SKF-38393 increases 
EPSC in the PFC, the entorhinal cortex, and the striatum 
[50, 67, 68]. Here, we found that SKF-38393 application 
potentiated the EPSCs in neurons from control and CPZ-
treated mice. Moreover, several studies showed that D1R-like 
agonists stimulate c-Fos reactivity in the mPFC [69–71] and 
other brain areas expressing D1R, such as the hypothalamus 
[51, 72]. In this work, we demonstrated that CPZ pretreat-
ment impairs the SKF-38393-induced transcriptional activity. 
Taken together, these results allow us to propose that mPFC 
neuron responses to glutamatergic and dopaminergic inputs 
are altered by CPZ treatment and could therefore depend on 
D1R-like constitutive activity levels. More experiments are 
required to determine the involvement of D1R constitutive 
activity on these observations.

Isolating the effect of CPZ as an inverse agonist of D1R-
like activity in brain slices is challenging. CPZ is a fairly 
promiscuous drug, and it was reported to act on cellular 
targets other than D1R-like and D2R-like, such as serotonin 
receptors 2A (5-HT2A), adrenergic receptors α1A and α1B, 
muscarinic M2 autoreceptors, and GABA receptors [73–76]. 
Thus, in the mPFC, there could be compensations of D1R 
and CPZ effects and cross-talk between their signaling path-
ways. In this regard, combining the native system of mPFC 
slices with the heterologous expression system of HEK293T 
cells provided us with a tool to isolate and thoroughly study 
this effect in a highly controlled system. In this work, we 
were able to reproduce in HEK293T cells the results seen in 
mPFC slices by cotransfecting cells only with the selected 
cDNA, suggesting that other receptors are not required for 
the observed effects. Moreover, CPZ is a potent first-gener-
ation antipsychotic that maintains its clinical relevance after 
70 years from its discovery [26]. Even though CPZ has many 
active metabolites that are able to cross the blood–brain bar-
rier, it was shown that unaltered CPZ is the main responsible 
for the effects at the central nervous system [77]. The high 
costs and times required for new medications to reach the 
bedside make repurposing or repositioning of old drugs an 
appealing strategy [78]. For example, CPZ showed a neuro-
protective role, ameliorating the blood–brain barrier disrup-
tion, inflammation, and apoptosis in a rat model of ischemic 
stroke [79]. Recent studies identified CPZ as a candidate for 
repurposing for acute myeloid leukemia therapy, showing 
the antileukemic activities of CPZ administration in vitro 
and in vivo in mice and zebrafish larvae [80, 81]. Addi-
tionally, CPZ was proposed as a possible treatment against 
breast cancer, malignant gliomas, and helminthic parasite 
infection [78, 82, 83]. Our results describing a noncanoni-
cal action of CPZ as an inverse agonist of D1R-like may 

contribute to further understanding the action mechanisms 
of CPZ therapeutic and adverse effects, as well as for the 
repurposing of this already available drug.

A great research effort is being dedicated to the discov-
ery and development of better or new D1R ligands with 
improved pharmacokinetics and selectivity that could be 
tested in the treatment of psychiatric disorders like schiz-
ophrenia [53, 84].Various D1R-like agonists have been 
reported, and some were even tested in patients showing 
promising results, but they have failed development due to 
low bioavailability, tolerance, and D2R side effects, among 
other reasons [52, 53, 85]. For example, dihydrexidine was 
the first centrally available full D1R-like agonist, and it has 
been tested in patients with schizophrenia and Parkinson 
disease, but it showed severe limitations like a low oral 
bioavailability and rapid metabolization [86, 87]. Other 
approaches of modulating D1R activity have been studied 
as possible treatments for psychiatric disease, including the 
pursuit of partial agonists, antagonists, and positive allos-
teric modulators [85, 88]. For instance, ecopipam (or SCH-
39166), an analog to the SCH-23390 used in this work, is a 
D1R-like antagonist that was tested in clinical trials for the 
treatment of schizophrenia, drug abuse, and obesity [89–91]. 
In this regard, the development, identification, and study of 
D1R-like inverse agonists could be significant for the treat-
ment of psychiatric diseases.
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