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Abstract

The dorsolateral striatum (DLS) is the critical neural substrate that plays a role in motor control and motor learning. Our
past study revealed a direct histaminergic projection from the tuberomammillary nucleus (TMN) of the hypothalamus to the
rat striatum. However, the afferent of histaminergic fibers in the mouse DLS, the effect of histamine on DLS neurons, and
the underlying receptor and ionic mechanisms remain unclear. Here, we demonstrated a direct histaminergic innervation
from the TMN in the mouse DLS, and histamine excited both the direct-pathway spiny projection neurons (d-SPNs) and the
indirect-pathway spiny projection neurons (i-SPNs) of DLS via activation of postsynaptic HIR and H2R, albeit activation
of presynaptic H3R suppressed neuronal activity by inhibiting glutamatergic synaptic transmission on d-SPNs and i-SPNs
in DLS. Moreover, sodium-calcium exchanger 3 (NCX3), potassium-leak channels linked to HIR, and hyperpolarization-
activated cyclic nucleotide-gated channel 2 (HCN2) coupled to H2R co-mediated the excitatory effect induced by histamine
on d-SPNs and i-SPNs in DLS. These results demonstrated the pre- and postsynaptic receptors and their downstream multiple
ionic mechanisms underlying the inhibitory and excitatory effects of histamine on d-SPNs and i-SPNs in DLS, suggesting
a potential modulatory effect of the central histaminergic system on the DLS as well as its related motor control and motor
learning.
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Introduction

As a general modulator for the entire brain activity, the
central histaminergic system, which originates from the
tuberomammillary nucleus (TMN) of the hypothalamus,
sends its fibers widely to almost the entire brain regions
[1, 2]. The central histaminergic nervous system was origi-
nally believed to play an essential regulatory role in non-
somatic functions, such as the sleep—wake cycle, endo-
crine balance, learning, and memory [3, 4]. However, an
increasing number of studies have demonstrated that hista-
mine also participates in somatic motor functions such as
motor control and motor balance by affecting the activities
of subcortical motor structures, including the basal gan-
glia [5, 6]. However, knowledge about the role of central
histaminergic afferents in basal ganglia remains limited.
The dorsolateral striatum (DLS) is roughly homologous
to the putamen in primates, it contains two types of pro-
jection neurons, the direct pathway spiny projection neu-
rons (d-SPNs) and the indirect pathway spiny projection
neurons (i-SPNs), which constitute the starting points of
the direct (striatonigral) pathway and the indirect (stria-
tonigral) pathway in the basal ganglia circuit, respectively
[7, 8]. The DLS holds a critical position in motor func-
tions, such as motor control and motor learning [9-11]. It
receives glutamatergic afferents from the cortex (including
the sensory, motor, and associational cortex) and thalamus,
such as the intralaminar thalamic nuclei; this excitatory
input is then regulated by local GABAergic interneurons
and collateral inhibition of its adjacent DLS projection
neurons [9, 12, 13]. The balance of excitatory and inhibi-
tory transmission in the dorsal striatum is modulated by
neuromodulators such as dopamine from substantia nigra
pars compacta, serotonin from dorsal raphe, acetylcho-
line and neuropeptide-Y from local interneurons [14-16].
These neuromodulators are critical for regulating stri-
atal circuits, and disruption of this signaling can result
in movement disorders and neurological disorders such
as motor deficits and cognitive impairments [10, 17, 18].
In addition to the abovementioned classical neuromodu-
lators of striatal neurons, the impact of hypothalamic his-
taminergic modulation on striatal neurons has received
increasing attention in recent years [5, 19, 20]. Impor-
tantly, we recently demonstrated histaminergic innerva-
tion in the striatum and histamine excited rat striatum
neurons in vitro [5]. However, the histaminergic inner-
vation in DLS and the receptor and ionic mechanisms
underlying the effect of histamine on d-SPNs and i-SPNs
of mouse DLS remain largely unclear. Therefore, in the
present study, we employed brain stimulation, microdi-
alysis, anterograde tracing, immunostaining, single-cell
qPCR, whole-cell patch-clamp recording, and CRISPR/
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Cas9 gene-editing techniques on D1-Cre, D2-Cre, and
LSL-Cas9-tdTomoto::D1/D2-Cre mice. We detected a
direct histaminergic innervation in DLS from TMN, and
histamine directly excited the d-SPNs and i-SPNs through
activation of postsynaptic HIR and H2R and that the two
histamine receptor subtypes were co-expressed and co-
localized on the same d-SPNs or i-SPNs. Moreover, hista-
mine inhibited the activity of d-SPNs and i-SPNs through
the activation of presynaptic H3R. Furthermore, the
potassium leak channels and sodium-calcium exchanger 3
(NCX3) linked to HIR and the hyperpolarization-activated
cyclic nucleotide-gated channel 2 (HCN2) linked to H2R
co-mediated the histamine-induced excitation on d-SPNs
and i-SPNs in DLS.

Materials and Methods
Animals

Six to 8-week-old B6/IGpt-Drd]em!Cin(P2A=iCre) /Gy
(D1-Cre), B6/IGpt-Drd2¢m!Cin(P2A=iCre)iGpt (D2-Cre), and
B6/JGpt-Rosa26m! Cin(CAG-LSL-Cas9—dTomato) Gt jce (LSL-
Cas9-tdTomato) mice were obtained from GemPharmatech
Co., Ltd (Jiangsu, China) and wild-type (WT) C57BL/6 ]
mice were from Experimental Animal Center of Nantong
University (Nantong, China), all the mice were housed in
SPF condition of Experimental Animal Center of Nantong
University. Mice of either sex were individually housed
under controlled environmental conditions (22 +2 °C;
60 + 5% humidity; and a 12-h light/dark cycle with lights on
at 8:00 am; daily). The animals had free access to standard
laboratory chow and water. Animal maintenance and experi-
ments were under the US National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH Publica-
tion 85-23, revised 2011), and they were approved by the
Institutional Animal Care and Use Committee of Nantong
University. All efforts were made to minimize the number
of animals used and their suffering.

In vivo Microdialysis Sampling, TMN Stimulation,
and Assay for Histamine

The microdialysis methods have been described previously
[21]. Briefly, after anesthetized by isoflurane (4% for induc-
tion, 1.5% for maintenance), adult mice weighing 20-25 g
were placed in a stereotaxic frame (1404, David Kopf Instru-
ments). Guide cannulas were stereotaxically implanted into
the brain to allow the positioning of a CMA/7 microdialy-
sis probe (CMA/Microdialysis, Stockholm, Sweden) with
1 mm membrane length into three sites of the right DLS
(AP1: 1.18 mm, ML1:+1.75 mm, DV1:-2.0 mm) (AP2:
0.62 mm, ML2: +2.0 mm, DV2: -2.0 mm) (AP3: 0.02 mm,
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ML3:+2.38 mm, DV3: -2.0 mm) [22]. At the same time, the
mice were implanted with stimulation electrodes (stainless
steel, Teflon coated, 100 pm in diameter) aimed at the right
TMN (AP: —2.3 mm, ML: £1.15 mm, DV: -5.25 mm).
Probe and electrode placement was verified histologically
at the end of the experiment. Mice were allowed to recover
in individual cages for at least 3 days. Then, in freely mov-
ing mice, a microdialysis probe was inserted through the
guide, and the probe was perfused with ACSF (composition
in mM: 125 NaCl, 2.5 KCl, 1.25 NaH,PO,, 1.3 MgSO,, 26
NaHCO;, 2.5 CaCl,, and 10 D-glucose) for 240 min at a
flow rate of 10 pl/min before sample collection. Microdi-
alysis samples were collected in 30-min intervals using a
MAB 85 fraction collector (CMA/Microdialysis) through
the microdialysis probe at 0.5 pL/min using a CMA 402
syringe pump (CMA/Microdialysis) during TMN stimula-
tion (1 min train of 0.1 ms pulses of 100 pA and 100 Hz
every 5 min for 30 min), rectangular electrical stimulation
was applied using a Master-8 stimulator (AMPI, Jerusalem,
Israel) [23, 24]. During the stimulation in freely moving
mice, the stimulation intensity was gradually increased until
behavioral abnormalities, such as evidence of stress charac-
terized by vocalization, excessive locomotor activity, escape
behavior, or biting, and then 30% of this intensity was cho-
sen as the current for stimulation [25]. The first two 30-min
samples were discarded, and the subsequent samples were
collected for analysis of basal extracellular levels of his-
tamine. Histamine content was measured by a commercial
enzyme-linked immunosorbent assay (ELISA) kit (Cayman
Chemical, Ann Arbor, MI) according to the manufacturer’s
protocol. Histamine content was expressed as picograms per
milliliter of microdialysis samples.

Stereotactic Surgeries and Injections

Under deep anesthesia induced by isoflurane (4% for induc-
tion, 1.5% for maintenance), mice weighing 20-25 g were
placed into a stereotaxic frame (1404, David Kopf Instru-
ments, Tujunga, CA) for brain surgery under aseptic con-
ditions, and a 1-2 cm incision was made in the scalp to
expose the skull. A small hole was drilled in the skull, and
the dura was gently broken to allow uninterrupted passage
of the micropipette.

For anterograde tracer biotinylated dextran amine (BDA;
Ref: D-1956 from Thermo Fisher Scientific, Waltham, MA)
injection, 10% BDA in 0.01 M phosphate-buffered saline
(PBS; pH 7.4) was injected into TMN (AP: —2.70 mm, ML:
1.10 mm, DV: 5.05 mm) according to the mouse brain atlas
[22], injections were made under 5 pA positive alternating
current (7 s on/7 s off) for 40 min, followed by a 10 min rest
period. Once completed, the micropipette was left in place
for 5 min before removal. During micropipette withdrawal,

the current was reversed to minimize tracer leakage through
the injection tract.

For adeno-associated virus (AAV) injection, the viral
solution was injected at three sites of the DLS (AP1:
1.18 mm, MLI1:+1.75 mm, DVI1:-2.0 mm) (AP2:
0.62 mm, ML2: +2.0 mm, DV2: —2.0 mm) (AP3: 0.02 mm,
ML3: +2.38 mm, DV3: —2.0 mm) according to the mouse
brain atlas [22] in D1 or D2-Cre mice. The injection vol-
ume of AAV9-hSyn-DIO-EGFP (viral titers were 3.12x 10"
viral genomes per milliliter, Obio Technology Company,
Shanghai, China) was 0.15 pL/site. The injection volume of
AAV9-CMV-Ncx3 sgRNA-EGFP targeting 5’- GAGCAG
AGGCTGGTGACTCGGGG-3’, 5’- CCTTGGGGACAA
GATTGCCAGGG-3’, and 5’- TCGGGGGATGTGCCC
AGTGCAGG-3’ (viral titers were 1.0x 10'? viral genomes
per milliliter, PackGene, Guangzhou, China) or AAV9-
CMV-neg-EGFP (control virus, viral titers were 1.32 X 10"
viral genomes per milliliter, PackGene) was 0.2 uL/site. The
injection volume of AAV9-CMV-Hcn2 sgRNA-EGFP tar-
geting 5'-GGGCGGCCGGGCGATAGTCCGGG-3', 5'-TCC
GGGCACGACCCCTGCGCCGG-3', and 5'-CGGGCA
CGACCCCTGCGCCGGGG-3' (viral titers were 4.2 x 10'?
viral genomes per milliliter, Genechem, Shanghai, China)
or AAV9-CMV-neg-EGFP (control virus, viral titers were
6.5 % 10'? viral genomes per milliliter, Genechem) was 0.3
uL/site.

All the AAV vectors and BDA were microinjected with
Hamilton syringe(s) (2.5 pl, 7632-01) controlled by a
syringe pump (KDS100, KD Scientific, MA) at a rate of 20
nL/min. Once completed, the micropipette was left in place
for 5 min before removal. Mice that received successful
tracer or virus injections were allowed to survive for three
weeks before the terminal experiments were conducted.

Immunohistochemistry and Imaging

Mice (weighing 20-25 g) were deeply anesthetized with
isoflurane (4% for induction, 1.5% for maintenance) and
perfused transcardially with 50 ml normal saline, followed
by 100-150 ml 4% paraformaldehyde in 0.1 M phosphate
buffer. Subsequently, the brain was removed, trimmed, and
postfixed in the same fixative for 12 h at 4 °C, the brain
was successively cryoprotected with 20% and 30% sucrose
for 24 h. Frozen coronal sections containing the DLS were
obtained using a freezing microtome (CM 1850, Leica, Hei-
delberg, Germany) and mounted on gelatin-coated slides.
The slices were rinsed with PBS containing 0.1% Triton
X-100 and then incubated in 10% normal bovine serum in
PBS containing 0.1% Triton X-100 for 30 min.

Sections were incubated overnight at 4 °C with primary
antibodies: mouse anti-GAD67 (1:500, MilliporeSigma,
catalog MAB5406, RRID:AB_2278725), rabbit anti-HIR
polyclonal antibody (1:400, Alomone Labs, Jerusalem,
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Israel; catalog #AHR-001, RRID: AB_2039915), goat anti-
H2R polyclonal antibody (1:500, Everest Biotech; catalog
EB06905, RRID:AB_2121375), rabbit anti-HCN1 (1:300,
Alomone Labs; catalog APC-056, RRID:AB_2039900), rab-
bit anti-HCN2 (1:100, Alomone Labs; catalog APC-030,
RRID:AB_2313726), rabbit anti-HCN3 (1:100, Alomone
Labs; catalog APC-057, RRID:AB_2039904), and rab-
bit anti-HCN4 (1:200, Alomone Labs; catalog APC-052,
RRID:AB_2039906). These primary antibodies were vali-
dated for species and application (1DegreeBio and Anti-
body Registry). After a complete wash in PBS, the sections
for double or triple immunostaining were incubated in the
related Alexa Fluor 488-, Alexa Fluor 594-, Alexa Fluor
350-, and/or Alexa 594-conjugated streptavidin second-
ary antibodies (1:2000, Thermo Fisher Scientific) for 2 h
at room temperature in the dark. The slides were washed
and mounted in Fluoromount-G mounting medium (South-
ern Biotech, Cambridge, UK). Incubation solution replac-
ing the primary antiserum with control immunoglobulins
and, or omitting the primary antiserum was used as nega-
tive controls. All micrographs were taken with an inverted
laser scanning confocal microscopy (model SP2 TCS;
Leica, Heidelberg, Germany), equipped with Plan-Apochro-
mat X 40/0.9 NA oil, x20/0.75 NA dry, and x 10/0.4 NA dry
objective lenses. Digital images from the microscope were
recorded with Leica Application Suite imaging and analysis
software (Leica), and image processing was done with Pho-
toshop (Adobe Systems Inc., San Jose, CA).

The number of the labeled DLS neurons was quantified
by numerical density, estimated by counting the number of
neurons within 3D optical dissectors that were systemati-
cally spaced at random throughout the selected brain areas.
Ten optical dissectors sized 80 x 80 % 30 pm were randomly
sampled, and the number of positive cells in each dissector
was quantified. The density of cells was estimated using the
following formula: Nv=Q/v (dis), where “Q” is the average
number of cells counted per dissector, and “v (dis)” is the
volume of the dissector: v (dis) =a [frame] X &, where “a” is
an area of the frame and “h” is dissector height. Data were
represented as the number of cells per cubic millimeter.

Patch Clamp Recordings In vitro

To assess the receptor and ionic mechanisms of histamine
on DLS neurons, whole-cell patch-clamp recordings were
performed as previously described [5]. After decapitation
under deeply anesthetized with isoflurane (4%), the slices
containing DLS from adult mice of either sex were identified
according to the mouse brain atlas [22], and incubated in
oxygenated artificial cerebrospinal fluid (ACSF, composi-
tion in mM: 125 NaCl, 2.5 KCl, 1.25 NaH,PO,, 1.3 MgSO,,
26 NaHCO;, 2.5 CaCl,, and 10 D-glucose) at 35+0.5 °C
for at least 1 h. And the Tris* ACSF for Na* replacement

@ Springer

experiment by using Tris™ to inactivate NCXs was as follows
(composition in mM): 125 Tris—Cl, 2.5 KCl, 1.25 NaH,PO,,
1.3 MgSO,, 26 NaHCO;, 2.5 CaCl,, and 10 D-glucose. Sec-
tions were then kept at room temperature for approximately
30 min before recording. Finally, during recording, the slices
were transferred into the submerged chamber and continu-
ously perfused with oxygenated ACSF at a rate of 2 ml/min
maintained at 32 +0.5 °C.

Whole-cell patch-clamp recordings were performed
with borosilicate glass pipettes (4—6 MQ) filled with an
internal solution (composition in mM): 135 KMeSO,, 10
Na,-phosphocreatine, 5 KCI, 0.5 CaCl,, 5 HEPES, 5 EGTA,
2 Mg,ATP, 0.5 Na;GTP, adjusted to pH 7.25 with KOH. The
internal solution for spontaneous excitatory postsynaptic
currents (SEPSCs) recordings consisted of the following (in
mM): 125 CsMeSO;, 10 Na,-phosphocreatine, 5 tetraethyl-
ammonium chloride, 1 QX-314 Cl, 5 HEPES, 0.25 EGTA,
2 Mg,ATP, 0.5 Na;GTP, adjusted to pH 7.25 with CsOH).
The internal solution for spontaneous inhibitory postsynap-
tic currents (sIPSCs) recordings consisted of the following
high CI™ solution (in mM): 110 CsCl, 10 NaCl, 5 MgCl,,
0.6 EGTA, 40 HEPES, 2 Mg,ATP, 5 QX314, 0.2 Na;GTP,
adjust to pH 7.2 with CsOH.

Both d-SPNs and i-SPNs in DLS were visualized with
an Olympus BX51WI microscope (Tokyo, Japan) equipped
with infrared differential interference contrast and fluores-
cence mode. All images were captured with a CoolSNAP
cf Photometrics camera (Roper Scientific, Rochester, NY),
displayed in a laboratory computer. Patch-clamp record-
ings were acquired with an Axopatch-700B amplifier
(Axon Instruments, Sunnyvale, CA), and the signals were
fed into the computer through a Digidata-1440 interface
(Axon Instruments) for data capture and analysis (pClamp
10.0, Axon Instruments). Recordings of whole-cell currents
were lowpass filtered at 2 kHz and digitized at 10 kHz, and
recordings of membrane potentials were lowpass filtered
at 5 kHz and digitized at 20 kHz. Neurons were held at a
membrane potential of — 70 mV and characterized by injec-
tion of rectangular voltage pulse (5 mV, 50 ms) to monitor
the whole-cell membrane capacitance, series resistance, and
membrane resistance. Neurons were excluded from the study
if the series resistance was not stable or exceeded 30 M.
If the seal resistance changed more than 30% of the origi-
nal, the neuron was abandoned and excluded from further
analysis.

We bathed the slices with histamine (0.03-30 pM, Toc-
ris, Ellisville, MO) to stimulate the recorded DLS neurons.
Before bath application, the whole-cell current or spontane-
ous firing rate of the recorded neuron was observed for at
least 20 min to assure stability. Then, histamine was added
to the ACSF to stimulate the recorded neuron for a test
period of 1 min. After each stimulation, cells were given at
least 20 min for recovery and prevention of desensitization.
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TTX (0.3 pM, Alomone Labs) was used to diminish net-
work activity. AMPA receptor antagonist NBQX (10 pM,
Tocris), NMDA receptor antagonist D-AP5 (20 pM, Tocris)
were used to block the glutamatergic synaptic transmission,
GABA , receptor antagonist SR95531 (10 uM, Tocris) were
used to block the GABAergic synaptic transmission.

Selective agonists for histamine receptor subtypes,
2-PyEA (100 pM, Tocris), dimaprit (30 pM, Tocris),
VUF8430 (30 pM, Tocris), and (R)-(-)-a-Methylhistamine
(RAMH, 10 pM, Tocris), as well as selective antagonists,
mepyramine (0.3—1 pM, Tocris), ranitidine (0.3—1 pM, Toc-
ris), JINJ7777120 (10 pM, Tocris), lodophenpropit (1 pM,
Tocris), SEA0400 (10 pM, Tocris), ZD7288 (10 uM, Toc-
ris), 4-aminopyridine (4-AP, 10 pM, Tocris), and H89
(10 pM, Tocris) were applied to examine the underlying
postsynaptic receptor mechanism. The receptor antagonists
or ion channel blockers were given for at least 15 min before
we observed their effects.

The mean concentrations of histamine for the half-
maximal activation (EC50) for d-SPNs and i-SPNs were
established by nonlinear regression, limiting the fitted
peak to the highest experimental value (GraphPad Prism,
6.0 for Windows, GraphPad Software, San Diego, CA). To
test the firing properties induced by histaminergic drugs,
under the current-clamp mode, a series of positive cur-
rent injections with a duration of 0.5 s and an interval of
5 s (ranging from 0 to 200 pA in 10-pA steps) was used to
stably induce 2—7 action potentials [26]. During stimula-
tion intervals, the membrane potential was maintained at
about— 70 mV by injecting hyperpolarizing/depolarizing
currents to counteract possible HIR- H2R-dependent depo-
larization and H3R-dependent hyperpolarization [27]. To
characterize the 2-PyEA-induced whole-cell current, under
the voltage-clamp mode, current—voltage plots (I-V curves)
were obtained before and during 2-PyEA application using a
slow ramp command (dV/dt= — 10 mV/s, ranging from — 70
to— 130 mV) to allow for the attainment of steady-state con-
ditions. In addition, to examine the effect of dimaprit on the
HCN channel current (Ih), I-V curves were obtained before
and during dimaprit application using a series of 1 s hyper-
polarizing voltage steps (ranging from —70 to — 130 mV
in—10 mV steps) [6]. I, was determined by subtracting
instantaneous current from the maximum current at each
hyperpolarizing voltage step, and /,, current density was esti-
mated as the amplitude of I, measured at various potentials
(V) divided by the membrane capacitance (C,,): I, current
density =1,/C,, [21].

Single-Cell qPCR
Single-cell gPCR was performed as previously described

[5]; briefly, following the patch-clamp recording experi-
ment, the cytoplasm of the identified d-SPNs or i-SPNs

was pipetted into a recording pipette filled with 3—5 uL of
RNase-free solution and drained into a 0.2 ml PCR tube con-
taining Single Cell Lysis/Dnase I solution using the Single
Cell-to-CT Kit (Life Technologies). Reverse transcription
and cDNA pre-amplification were performed on a thermal
cycler (Applied Biosystems, Foster City, CA) according to
the kit protocol. qPCR was performed using the TagMan
Gene Expression Assay system. The TagMan assay probes
were designed and purchased from Life Technologies as fol-
lows: MmO01183516_m1 for Hrhl, Mm01337447_m1 for
Hrh2, Mm00468832_m1 for Hcnl, Mm00468538_m1 for
Hcn2, Mm01212852_m1 for Hen3, MmO01176086_m1 for
Hcn4, Mm01232254_m1 for Nexl, Mm00455836_m1 for
Ncx2, Mm01309304_m1 for Nex3, and Mm99999915_g1 for
gapdh. Conditions for the cycles followed the manufacturer’s
protocol for TagMan assays. The data were collected using
the instrument’s software (Rotor-Gene software, version 6.0,
Corbett Research, Sydney, Australia), and relative quantifi-
cation was performed using the comparative threshold (Ct)
method after determining the Ct values for reference gene
(gapdh) and target genes in each sample set according to the
27AAC method. Changes in mRNA expression levels were
calculated after normalization to gapdh.

Statistical Analysis

All data were analyzed with SPSS 17.0 (SPSS, Chicago,
IL) and presented as mean + SEM. Two-tailed paired or
unpaired #-test was used for tests in two groups, one-way or
two-way analysis of variance (ANOVA), one-way or two-
way repeated measures analysis of variance (RM-ANOVA)
followed by Student-Newman—Keuls (SNK) post hoc testing
was used for tests in three or more groups. A threshold of
P <0.05 was accepted as statistically different. Significance
levels of the data were denoted as *P <0.05, **P <0.01,
and ***P <0.001. P> 0.05 was considered nonsignificant
and denoted as ns.

Results
A Direct Histaminergic Projection from TMN to DLS

To determine the direct histaminergic afferent to the DLS,
we measured the histamine concentration in DLS by micro-
dialysis sampling during TMN stimulation and subsequent
ELISA assay. When compared with control, the histamine
concentration was elevated significantly during TMN stimu-
lation (Fig. 1a-c); it was 103.1 +6.9 pg/mL in pre-stimula-
tion and 220.5+9.3 pg/mL during stimulation in DLS (n=8§,
P <0.001). Furthermore, the histaminergic fibers were found
to be adjacent to the large GAD67-immunoreactive GABAe-
rgic neurons of the DLS (Fig. 1d, e). As most histaminergic
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TMN

Biotinylated dextran
amine (BDA)

Fig. 1 Histaminergic innervation from TMN to DLS. a Diagrams of
TMN stimulation and DLS microdialysis. b Upper panel: representa-
tive coronal brain section taken through the TMN plane, the path of
the electrode is indicated by an arrowhead. Lower panel: representa-
tive coronal brain section of the DLS, the path of the microdialysis
probe is indicated by an arrowhead. ¢ ELISA analyses revealed the
level of histamine (pg/mL of tissues) in the microdialysis sample
before and during TMN stimulation in DLS (n=8 mice, two-tailed

nerve fiber terminals exist in the form of varicosities, it is
suggested that histaminergic neurons in the TMN send their
fibers directly to the DLS and release histamine to influence
the activities of the GABAergic DLS neurons.

Postsynaptic Efficacy Component Underlying
the Histamine-Induced Excitation on DLS Neurons

We first labeled d-SPNs or i-SPNs by injecting Cre-depend-
ent AAV into the DLS of D1 or D2-Cre mice, followed by
whole-cell patch-clamp recordings on the brain slices to
examine whether histamine directly influenced the activity
of d-SPNs or i-SPNs. Of all the identified and recorded 10
d-SPNs (Fig. 2a, b) or i-SPNs (Fig. 2e, f), the bath applica-
tion of histamine-induced an inward current in all recorded
neurons (Fig. 2c, d, g, and h). As shown in Fig. 2d and h,
perfusing the slices with ACSF containing TTX (0.3 pM),
0.03, 0.1, 0.3, 1, 3, and 10 pM histamine elicited a con-
centration-related inward current on d-SPNs (1.78 +0.23
pPA, 6.91 +0.86 pA, 16.33+0.89 pA, 25.05+1.39 pA,
37.86 +0.98 pA, 46.51+1.78 pA, and 49.19+1.82
pA, respectively; Fig. 2d) and i-SPNs (2.04 +0.29 pA,
10.93 +1.19 pA, 23.77+1.09 pA, 35.44+1.19 pA,
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paired r-test; ;= —35.509; P<0.001). d Diagram of biotinylated
dextran amine (BDA) injection into the TMN. e Double immu-
nostainings revealed the GABAergic neurons and histaminergic fibers
in the DLS; note that these histaminergic fibers passed around Gad67
immunoreactive (GABAergic) neurons in the DLS as indicated by
arrowheads (3 independent experiments). TMN, tuberomammillary
nucleus; LV, lateral ventricle; 3 V, 3rd ventricle; f, fornix. Data are
represented as the mean + SEM; *** P <(0.001

46.1+1.29 pA, 51.81 £ 1.6 pA, and 55.28 + 1.9 pA, respec-
tively; Fig. 2h). Fitting the concentration-response curves
yielded the mean concentration of histamine for half-maxi-
mal activation (EC50) on d-SPNs as 8.95 uM (Fig. 2d) and
on i-SPNs as 2.79 pM (Fig. 2h). These results strongly imply
a direct postsynaptic excitatory effect of histamine on the
d-SPNs and i-SPNs in DLS.

Dual Receptor Mechanism Mediated the Postsynaptic
Excitatory Effect of Histamine on the DLS Neurons

As is already known, histamine exerts its action via four
subtypes of a distinct receptor, including the postsynaptic
HIR, H2R, and H4R, and the presynaptic H3R [1-3, 28,
29]. Therefore, in the present study, we first employed selec-
tive HIR, H2R, and H4R antagonists and agonists to exam-
ine which postsynaptic histamine receptor(s) mediated the
histamine-induced excitation on the DLS neurons.

In the presence of TTX (0.3 pM), the histamine (10 pM)-
induced inward current was partially blocked by the appli-
cation of mepyramine (0.3—1 pM), which is a highly selec-
tive antagonist for HIR, from 54.5+4.9 to 42 +3.21 pA
and 23.5+2.13 pA (n=8, P<0.01 and 0.001, respectively;
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«Fig.3 Histamine HIR and H2R co-mediated the postsynaptic excita-
tion induced by histamine on the d-SPNs and i-SPNs in DLS. a The
effect of highly selective HIR antagonist mepyramine (0.3—1 pM)
and mepyramine (1 pM) together with highly selective H2R antago-
nist ranitidine (1 pM) on the inward current elicited by histamine
(10 pM) in the same DLS neuron. b Group data of 8 tested DLS
neurons (one-way RM-ANOVA; F;,,,=98.186, P<0.001; post hoc
SNK comparison test). ¢ The effect of ranitidine (0.3—1 pM) and ran-
itidine (1 pM) together with mepyramine (1 pM) on the inward cur-
rent elicited by histamine (10 pM) in the same DLS neuron. d Group
data of 8 tested DLS neurons (one-way RM-ANOVA; F5,;,=93.137,
P <0.001; post-hoc SNK comparison test). e The effect of highly
selective HIR agonist 2-PyEA (100 pM) and H2R agonist dimaprit
(30 pM), and co-application of 2-PyEA (100 pM) and dimaprit
(30 pM) mimicked the inward current elicited by histamine (10 pM)
in the same DLS neuron. f Group data of the 8 tested DLS neurons
(one-way RM-ANOVA; F3,,,=189.558, P<0.001; post hoc SNK
comparison test). g The effect of highly selective H4R antagonist
INJ7777120 (10 pM) and INJ7777120 (10 pM) together with mep-
yramine (0.3 pM) and ranitidine (0.3 pM) on the inward current elic-
ited by histamine (10 pM), and the effect of highly selective H4R
agonists VUF8430 (30 pM) on the same DLS neuron. h Group data
of the tested 8 DLS neurons (one-way RM-ANOVA; F5,,,=73.663,
P <0.001; post hoc SNK comparison test). i Triple immunostaining
revealed that histamine HIR and H2R were co-expressed on the same
GABAergic DLS neuron (3 independent experiments), DLS, the
dorsolateral striatum. j Single-cell gPCR showing the co-expression
of Hrhl and Hrh2 mRNAs in d-SPNs and i-SPNs of DLS, asterisks
indicate samples depicting no specific signal (7 =5 neurons). Data are
presented as mean+SEM; ns, no statistical difference, ** P <0.01
and *** P<(.001

Fig. 3a, b), while the combined application of mepyramine
(1 pM) and ranitidine (0.3 pM) almost totally blocked the
inward current evoked by histamine from 54.5 +4.9 to
1.63+0.26 pA (n=8, P<0.001; Fig. 3a, b). On the other
hand, the histamine (10 pM)-induced inward current was
partially blocked by the application of ranitidine (0.3—1 pM),
a highly selective antagonist for H2R, from 53.38 +5.1 to
36.63+3.36 pA and 13+ 1.62 pA (n=8, P<0.001, respec-
tively; Fig. 3c, d), while the combined application of mep-
yramine (1 pM) and ranitidine (1 pM) almost totally blocked
the inward current evoked by histamine from 53.38 +5.1
to 2+0.33 pA (n=8, P<0.001; Fig. 3c, d). Moreover,
the inward current induced by histamine was mimicked
by 2-PyEA (100 pM), a highly selective agonist for HIR,
and dimaprit (30 pM), a highly selective agonist for H2R,
and co-application of 2-PyEA (100 pM) and dimaprit
(30 pM) increased the responses, from 31.75+3.97 pA and
44.63 +4.88 pA to 57+4.59 pA (n=8, P<0.001, respec-
tively; Fig. 3e, f). Furthermore, JNJ7777120 (10 pM), a
highly selective antagonist for H4R, showed no effect on his-
tamine (10 pM)-induced inward current, from 53.25 +4.96
to 52.38 £4.55 pA (n=8, P>0.05; Fig. 3g, h), while the
combined application of JNJ7777120 (10 pM), mepyramine
(1 pM), and ranitidine (1 pM) almost totally antagonized the
inward current evoked by histamine from 53.25 +4.96 to
3.38+0.42 pA (n=8, P<0.001; Fig. 3g, h). And VUF8430

(30 pM), which is a highly selective agonist for H4R, did not
mimic the histamine-induced postsynaptic excitation on the
DLS neurons (n=8, 4.25+0.53 pA) (Fig. 3g, h). In addition,
no difference was noted in the receptor mechanisms between
d-SPNs (n=14) and i-SPNs (n=18).

We next used triple immunostaining experiments to map
the distribution of HIR and H2R on the DLS GABAergic
neurons, and the results demonstrated that HIR and H2R
were co-localized with GABAergic DLS neurons (Fig. 3i).
To further assess the expression of Hrhl and Hrh2 mRNAs
in the DLS, single-cell gPCR was employed on d-SPNs
and i-SPNs (n =35, respectively). After patch-clamp record-
ings, the isolated d-SPNs and i-SPNs were screened for the
expression of Hrhl and Hrh2 mRNAs. As shown in Fig. 3j,
Hrhl and Hrh2 mRNAs co-expressed in d-SPNs and i-SPNs.
These results cumulatively indicated a dual receptor mech-
anism involving HIR and H2R underlying the histamine-
induced postsynaptic excitation in DLS neurons.

Activation of Presynaptic H3R Suppressed Neuronal
Activity by Inhibiting Glutamatergic Synaptic Transmission
on DLS Neurons

We further determined the role of presynaptic H3R on
DLS neurons through whole-cell patch clamp recording.
Our results revealed that application of potent and standard
H3R agonist RAMH (10 pM) could significantly decrease
the frequency (from 3.47 +0.29 to 1.74+0.18 Hz, n=10,
P <0.001) of SEPSCs on DLS neurons without affect-
ing their amplitudes (from 12.65+1.17 to 12.64 +1.12
pA, n=10, P>0.05) (Fig. 4a-c), application of the potent
and selective H3R antagonist IPP (1 pM) prevented the
effect of RAMH (10 pM) (frequency: from 3.47 +0.29
to 3.43+0.26 Hz, n=10, P> 0.05; amplitude: from
12.65+1.17 to 12.28 +1.07 pA, n=10, P>0.05) (Fig. 4a-
¢), while the co-application of NBQX (10 pM) and D-AP5
(20 pM), potent and selective antagonists for AMPA and
NMDA receptors, respectively, abolished both the frequency
(from 3.47+0.29 to0 0.19+0.02 Hz, n=10, P<0.001) and
amplitude (from 12.65+1.17 to 1.04+0.11 pA, n=10,
P <0.001) of sSEPSCs on DLS neurons (Fig. 4a-c). These
results indicated that activation of H3R inhibits glutamater-
gic synaptic transmission on DLS neurons. Moreover, nei-
ther RAMH (10 pM) nor RAMH (10 pM) together with
IPP (1 pM) could affect the frequency (from 5.47 +0.34 to
5.5+0.38 Hz and 5.41 +£0.36 Hz, n=10, P >0.05, respec-
tively) and amplitude (from 40.86 +2.25 to 40.48 +2.25
PA and 40.59 +2.15 pA, n=10, P> 0.05, respectively) of
sIPSC on DLS neurons (Fig. 4d-f), as well as application
of SR95531 (10 pM), a competitive and selective GABA ,
antagonist, abolished both the frequency (from 5.47 +0.34
to 0.21+0.03 Hz, n=10, P<0.001) and amplitude (from
40.86+2.25 to 1.88+0.21 pA, n=10, P <0.001) of sIPSC
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«Fig.4 H3R activation suppressed neuronal activity by inhibiting
glutamatergic rather than GABAergic synaptic transmission on DLS
neurons. a Raw current traces of sEPSCs recorded in DLS neurons
in ACSF, application of selective histamine H3R agonist RAMH
(10 pM), co-application of RAMH (10 pM) and selective H3 recep-
tor antagonist IPP (1 pM), co-application of NBQX (10 pM) and
D-APS5 (20 uM) in the presence of SR95531 (10 pM). b Cumulative
distributions of sEPSC intervals and amplitudes for the DLS neu-
rons illustrated in a. ¢ Group data of the average sEPSC frequency
(n=10 neurons, one-way RM-ANOVA, post hoc SNK comparison
test, Fi3 ,7,=131.037, P<0.001) and amplitude (n=10 neurons, one-
way RM-ANOVA, post hoc SNK comparison test, F(l 27)=98.023,
P <0.001) on the tested DLS neurons. d Raw current traces of sIPSCs
recorded in DLS neurons in ACSF, application of RAMH (10 pM),
co-application of RAMH (10 pM) and IPP (I pM), and applica-
tion of SR95531 (10 pM) in the presence of NBQX (10 pM) and
D-AP5 (20 pM). e The cumulative distributions of neuronal sIPSCs
intervals and amplitudes illustrated in d. f Group data of the aver-
age sIPSC frequency (n=10 neurons, one-way RM-ANOVA, post
hoc SNK comparison test, F3 »7,=203.124, P<0.001) and ampli-
tude (n=10 neurons, one-way RM-ANOVA, post hoc SNK com-
parison test, F(3 ,7,=294.38, P<0.001) on the tested DLS neurons.
g The effects of RAMH (10 pM) and RAMH (10 pM) together with
IPP (10 pM) on evoked firing of DLS neurons. h Group data of the
10 tested DLS neurons (n=10 neurons, one-way RM-ANOVA;
F,15=8.221, P=0.003; post hoc SNK comparison test). Data are
presented as mean + SEM; ns, no statistical difference, **P <0.01 and
%P <0.001

on DLS neurons (Fig. 4d-f). These results indicated that
activation of H3R had no effect on GABAergic synaptic
transmission on DLS neurons. Furthermore, in current-
clamp mode, application of RAMH (10 pM) suppressed
the number of action potentials evoked via positive current
stimulation (from 12.1+1.0t0 7.9+0.8 Hz, n=10, P<0.01)
on DLS neurons (Fig. 4g, h), while co-application of RAMH
(10 pM) and IPP (1 pM) prevented this inhibitory effect
(from 12.1+1.0to 11.8+0.95 Hz, n=10, P <0.01) (Fig. 4g,
h), indicating activation of the presynaptic H3R suppressed
the firing activity of DLS neurons. In addition, the effect
of H3R activation did not differ between d-SPNs (n=17)
and i-SPNs (n=13). Taken together, these results suggested
that activation of the presynaptic H3R suppressed neuronal
activity by inhibiting glutamatergic instead of GABAergic
synaptic transmission on DLS neurons.

Downstream lonic Mechanisms Linked to H1R

Considering the findings of the dual receptor mechanisms
underlying histamine-induced postsynaptic inward current
on the DLS neurons, we evaluated the ionic basis underly-
ing the excitation of the DLS neurons induced by histamine
by employing 2-PyEA to separate the current. As shown in
Fig. 5a, b, the inward current induced by 2-PyEA (100 pM)
was nearly totally blocked by the application of mepyramine
(1 pM) from 33.25+2.91t02.5+0.5 pA (n=8, P<0.001).

Past studies have demonstrated various ionic mecha-
nisms coupled to HIR in different brain regions, including

sodium-calcium exchanger (NCX) and potassium chan-
nels [1, 30]. Therefore, we first applied SEA0400, a potent
blocker for NCXs, to the DLS neurons. As shown in Fig. 5c,
d, the 2-PyEA (100 uM)-induced inward current was par-
tially abolished by SEA0400 (10 pM) from 34.75 +2.49 to
20.63 +1.86 pA (n=8, P<0.001), indicating the partici-
pation of NCXs in the mediation of excitation of the DLS
neurons induced by the activation of HIR. We also applied
Ba2+, a broad-spectrum blocker of the potassium channels,
to the DLS neurons. As shown in Fig. 5Se, f, the 2-PyEA
(100 pM)-induced inward current was partially abolished
by BaCl, (1 mM) from 33 +2.8 to 23.63 +2.53 pA (n=3§,
P <0.001), indicating the involvement of potassium channels
on the inward current induced by HIR in the DLS.

Moreover, to evaluate the subtype of potassium chan-
nels that mediate 2-PyEA on the DLS neurons, under the
condition of NCX blockage by applying SEA0400 (10 pM),
we conducted slow ramp command tests to obtain the I-V
curves in the absence and presence of 2-PyEA (100 pM).
The results revealed that the differential current had a rever-
sal potential of — 105 mV, near the calculated E; (Fig. 6a).
We then fitted the curves by subtracting the 2-PyEA cur-
rents with the control currents and found that the potassium
ion-mediated current had good linearity (R*=0.99) over the
tested voltage range (Fig. 6b). Considering that the slow
depolarization was associated with an inward current in the
presence of SEA0400 (10 pM) (Fig. 5c, d), it was confirmed
that the closing of potassium leak channels was linked to
the inward current induced by 2-PyEA on the DLS neu-
rons. Furthermore, as shown in Fig. 6c, d, the combined
application of SEA0400 (10 pM) and BaCl, (1 mM) almost
totally blocked the 2-PyEA-elicited inward current (n=38,
from 33.25+3.27 to 1.5+0.33 pA, P<0.001) on the DLS
neurons. Since the activated electrogenic NCXs allowed 3
Na* to enter in exchange for 1 Ca®" going out of the cell,
we further evaluated the effect of replacing the external Na*
with equimolar concentrations of Tris*, a relatively high
molecular weight organic cation that does not pass through
sodium channels, to evaluate sodium-dependent ionic mech-
anisms on 2-PyEA-induced inward current. As shown in
Fig. 6¢, f, the replacement of external Na* with Tris* totally
blocked the 2-PyEA (100 pM)-induced inward current in
the presence of BaCl, (1 mM) (n=38, from 30.88 +3.66
pA to 1.38 +£0.18 pA, P<0.001), which confirms that the
closing of NCXs was linked to the inward current induced
by 2-PyEA on the DLS neurons. In addition, no difference
was noted in the ionic mechanisms coupled to HIR between
d-SPNs (n=20) and i-SPNs (n=25). All these results sug-
gest a dual-ionic mechanism, including activating NCXs and
closing potassium leak channels coupled to HIR activation
in DLS neurons.

Three NCX subtypes (i.e., NCX1, NCX2, and NCX3)
were identified, and all were expressed in the brain [31, 32].
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P=0.000017). ¢ The effect of SEA0400 (10 pM), a selective blocker
for NCXs, on 2-PyEA (100 pM) induced inward current in the same
DLS neuron. d Group data of the 8 tested DLS neurons (two-tailed

Therefore, to further assess the Ncx;_; mRNA expression in
the DLS, single-cell gPCR was performed on the d-SPNs
and i-SPNs (n =35, respectively). After patch-clamp record-
ings, the isolated d-SPNs and i-SPNs were screened for the
expression of Hrhl and NcxI-3 mRNAs. We found Hrhl
and Ncx1-3 mRNAs co-expressed on d-SPNs (Fig. 6g) and
i-SPNs (Fig. 6h).

We further confirmed the type/types of ion channels
coupled with the downstream of HIR by CRISPR/Cas9
gene-editing technology. Considering the abundant relative
expression of Ncx3 mRNA in DLS neurons (Fig. 6g, h),
we injected AAV carrying Ncx3 sgRNA into DLS of LSL-
Cas9-tdTomoto::D1/D2-Cre mice to selectively knockout
the NCX3 subtype on DLS neurons (Fig. 7a). We noted no
significant difference in the numerical density of neurons
labeled tdTomato and neurons labeled both EGFP and tdTo-
mato (n=10, P=0.343; Fig. 7b, c), suggesting the selectiv-
ity and specificity of NCX3 subtype knockout in the DLS
neurons. We next evaluated the effect of selective knockout
of NCX3 subtype in the DLS neurons on the neuronal activ-
ity mediated by H1R. As shown in Fig. 7d, e, in the pres-
ence of BaCl, (1 mM), 2-PyEA induced an inward current
on the DLS neurons both in saline and the control virus
injected mice (n=10, 25.03 +3.09 pA and 26.22 +2.85
PA, respectively, P>0.05), and the inward current induced
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f Group data of the 8 tested DLS neurons (two-tailed paired r-test;
t;=5.691; P=0.0008). Data are represented as mean+SEM; ***
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by 2-PyEA was almost totally blocked by NCX3 subtype
knockout in the DLS neurons from 26.22 +2.85 pA in con-
trol virus to 4.45 +0.63 pA in virus-carrying Ncx3 sgRNA
injected mice (n=10, P<0.001). Moreover, as shown in
Fig. 7f, g, in current-clamp mode, 2-PyEA (100 pM) on
evoked firing of DLS neurons did not differ between saline
and control virus injected mice (n=10, 9.8 +0.87 Hz
and 9.2 +0.63 Hz, respectively, P> 0.05), while 2-PyEA
(100 pM) on evoked firing was reduced by NCX3 subtype
knockout in the DLS neurons from 9.2+0.63 Hz in con-
trol virus to 2.5+0.31 Hz in virus-carrying Ncx3 sgRNA
injected mice (n=10, P <0.001). Furthermore, no difference
was noted in the downstream ionic mechanism coupled to
HI1R and H2R between d-SPNs (n=12) and i-SPNs (n=2_8).
All these results strongly support that the NCX3 subtype and
potassium leak channels coupled to HIR mediated the effect
of histamine on DLS neurons.

Downstream lonic Mechanisms Linked to H2R

Past studies have demonstrated that H2R is coupled to the
HCN channels, which elicit an [, (the hyperpolarization-
activated cationic) current [21]. To evaluate the ionic basis
underlying the excitation of DLS neurons induced by H2R,
we employed an H2R agonist, dimaprit, to isolate the
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Fig.6 NCXs and potassium leak channels coupled to HIR in the
DLS neurons. a In the ACSF containing SEA0400 (10 pM), 2-PyEA-
induced changes of I-V curves of a DLS neuron in slow-ramp com-
mand tests (dV/dt=—10 mV/s). b Group data of the difference
current representing the 2-PyEA-induced current was yielded by
subtracting the control from the current recorded during the 2-PyEA
application of the 5 tested DLS neurons. ¢ The effect of the co-appli-
cation of KB-R7943 (10 pM) and BaCl, (1 mM) on the 2-PyEA
(100 pM) induced inward current in the same DLS neuron. d Group

current. As shown in Fig. 8a, b, an inward current induced
by dimaprit (30 pM) was almost totally blocked by the appli-
cation of ranitidine (1 pM) from 44.5+5.0 pA to 1.82+0.37
pPA (n=8, P<0.001). ZD7288 (10 pM), a selective antago-
nist of the HCN channels, totally blocked the inward current
induced by dimaprit from 44.5+5.0 to 3.88 +0.29 pA (n=38,
P <0.001). Moreover, as shown in Fig. 8c, d, an inward cur-
rent induced by dimaprit (30 pM) was not affected by the
application of 4-AP (10 pM), A-type potassium channel
blocker [33], from 45.13 +4.56 to 43.38 +4.11 pA (n=38,
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data of the 8 tested DLS neurons (two-tailed paired t-test; #;,=10.154;
P=0.0000193). e The effect of low Na.* ACSF containing BaCl,
(1 mM) on the 2-PyEA (100 pM) induced inward current in the same
DLS neuron. f Group data of the 8 tested DLS neurons (two-tailed
paired ¢-test; t;=8.416; P=0.0000658). g, h Single-cell gPCR exhib-
iting the co-expression of Hrhl and Ncx; ; mRNAs on d-SPNs and
i-SPNs. All DLS neurons co-expressed Hrhl and Ncx; ; mRNAs.
Asterisks indicate samples showing no specific signal (n=5 neurons).
Data are represented as mean+ SEM; ***P <0.001

P> 0.05), and application of PKA inhibitor H89 (10 pM),
totally blocked the inward current induced by dimaprit from
45.13+4.56 t0 2.13+0.29 pA (n=8, P <0.001), indicating
a PKA-mediated action on HCN channels instead of A-type
potassium channel coupled to H2R. Furthermore, to further
determine the ionic mechanisms underlying H2R, we con-
ducted a series of 1 s hyperpolarizing voltage steps (ranging
from —70 to— 130 mV in— 10 mV steps) to determine the
effect of histamine on the HCN channel current (/). As
shown in Fig. 8e, f, dimaprit (30 pM) induced a significant
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Fig.7 NCX3 subtype mediated the effect of HIR activation on DLS
neurons. a The diagram of virus-carrying Ncx3 sgRNA injection into
the DLS of LSL-Cas9-tdTomoto::D1/D2-Cre mice. b Representa-
tive image of the expression of Ncx3 sgRNA (green-colored, indi-
cated by EGFP), Cas9 (red-colored, indicated by tdTomato), Cas9,
and NCX3 sgRNA co-expression (merged) on the DLS neurons. ¢
The relative quantification of neurons expression Cas9 and neurons
co-expression of Cas9 and Ncx3 sgRNA in numerical density (n=10
neurons, two-tailed unpaired t-test; #,3=0.975; P=0.343). d 2-PyEA
(100 pM) induced inward current on the DLS neurons in saline, con-

increment in the hyperpolarization-induced HCN channel
current (Ih) at step potentials < —90 mV (P <0.05, 0.01,
and 0.001, respectively), and ZD7288 (10 pM) almost totally
blocked the hyperpolarization-induced HCN channel current
(Ih) as well as prevented the increment in the HCN channel
current (/i) induced by dimaprit at step potentials < —80 mV
(n=6, P<0.01 and 0.001, respectively). In addition, no dif-
ference was noted in the ionic mechanism coupled to H2R
between d-SPNs (n=10) and i-SPNs (n=11).

We further conducted immunostaining and single-cell
RT-PCR analyses to assess whether H2R protein and Hrh2
mRNAs, along with four subtypes of the HCN channel sub-
type protein HCN, , and Hcn,; , mRNAs, were selectively
expressed in the recorded DLS neurons. Immunostaining
revealed that all four subtypes of the HCN channel protein
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Evoked firing rate (Hz)
o

trol virus, and AAV-Ncx3 sgRNA injected mice in the presence of
BaCl, (1 mM). e Group data of the 10 tested DLS neurons (n=10
neurons, one-way ANOVA; F(2’27)=25.159, P <0.001; post hoc SNK
comparison test). f Effects of 2-PyEA (100 pM) on evoked firing of
DLS neurons in saline, control virus, and AAV-Ncx3 sgRNA injected
mice in the presence of BaCl, (1 mM). g Group data of the 10 tested
DLS neurons (n=10 neurons, one-way ANOVA; F 2= 39.698,
P <0.001; post hoc SNK comparison test). Data are presented as
mean + SEM; ns, no statistical difference, ***P <(0.001

were distributed on the DLS (Fig. 9a). Single-cell qPCR
results indicated that the Hrh2 and Hcnl-4 mRNA were
all expressed on d-SPNs (n=35, Fig. 9b) and i-SPNs (n=5,
Fig. 9¢). All these results strongly imply that the HCN chan-
nels underlying the H2R-mediated depolarization on the
DLS neurons.

We further confirmed the type/types of ion channels
coupled with the downstream of H2R by CRISPR/Cas9
gene-editing technology. Considering the abundant relative
expression of Hcn2 mRNA in DLS neurons (Fig. 9b, ¢),
we injected AAV carrying Hen2 sgRNA into DLS of LSL-
Cas9-tdTomoto::D1/D2-Cre mice to selectively knockout
the HCN2 channel on DLS neurons (Fig. 10a). We noted
no significant difference in the numerical density of neu-
rons labeled tdTomato and neurons labeled both EGFP
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Fig.8 HCN channels coupled to H2R in the DLS neurons. a The
effect of ranitidine (1 pM) or selective antagonist of the HCN chan-
nels ZD7288 (10 pM) on dimaprit (30 pM) induced an inward current
in the same DLS neuron. b Group data of the 8 tested DLS neurons
(one-way RM-ANOVA; F, 15=26.703, P<0.001; post hoc SNK
comparison test). ¢ The effect of A-type potassium channel blocker,
4-AP (10 pM), and PKA inhibitor H89 (10 pM) on dimaprit (30 pM)
induced inward current in the same DLS neuron. d Group data of
the 8 tested DLS neurons (one-way RM-ANOVA; F(2’18)=35.552,
P <0.001; post hoc SNK comparison test). e A series of 1 s hyper-
polarizing voltage steps (ranging from—70 to— 130 mV in—10 mV

and tdTomato (n=10, P=0.343 and 0.575, respectively;
Fig. 10b, c), suggesting the selectivity and specificity of
HCN2 channel knockout in the DLS neurons. We next evalu-
ated the effect of selective knockout of HCN2 channel in the
DLS neurons on the neuronal activity mediated by H2R. As
shown in Fig. 10d, e, dimaprit induced an inward current
on the DLS neurons both in saline and in the control virus
injected mice (42.1 +3.38 pA and 41.3+2.19 pA, respec-
tively, n=10, P>0.05), and the inward current induced
by dimaprit was almost totally blocked by HCN2 channel
knockout in the DLS neurons from 41.3 +2.19 pA in control
virus to 3.4 +0.4 pA in virus-carrying Hcn2 sgRNA injected
mice (n=10, P <0.001).

steps) were employed to observe the effect of dimaprit (30 pM),
7ZD7288 (10 pM), and dimaprit (30 pM) together with ZD7288
(10 pM) on the HCN channel current (/,). f Group data of the tested
DLS neurons revealed the , current density in the control and during
the application of the dimaprit ZD7288 alone and dimaprit together
with ZD7288 against the membrane potential from—70 to— 130 mV
(n=5 neurons; two-way RM-ANOVA; group, Fo)= 111.054,
P<0.001; treatment, F(3Y72)=87.285, P<0.001; interaction,
F(18’72)=110.O91, P <0.001; post hoc SNK comparison test). Data
are presented as mean +SEM; ns, no statistical difference, * P <0.05,
** P<0.01, and *** P<0.001

Moreover, we conducted a series of 1 s hyperpolarizing
voltage steps (ranging from —70 to— 130 mV in— 10 mV
steps) to induce the HCN channel current (/4) in the DLS
neurons. As shown in Fig. 10f, g, in Hen2 sgRNA injected
mice, the HCN channel current (/) of the DLS neurons
at step potentials on — 130 mV was completely abolished
both in the application of normal ACSF (control, from
6.89+0.75 to 0.36 +0.05 pA/pF, n=10, P<0.001) and
dimaprit (from 8.87+0.77 to 0.35+0.04 pA/pF, n=10,
P <0.001). Dimaprit induced a significant increment in the
HCN channel current (/4) of the DLS neurons at step poten-
tials on — 130 mV, from 6.89 +0.75 to 8.87 +0.77 pA/pF
in saline and from 6.95+0.75 to 8.77 +0.71 pA/pF in the
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Fig.9 Distribution and expres-
sion of HCN1-4 channel
subtypes in the DLS neurons.

a Antibody staining for HCN1,
HCN2, HCN3, and HCN4 chan-
nel subtypes in the mouse DLS
(3 independent experiments).
Negative staining control with
the omission of the primary
antiserum. LV, lateral ventricle,
DLS, the dorsolateral striatum.
b, ¢ Single-cell gPCR demon-
strating the co-expression of
Hrh2 and Hen; , mRNAs on
d-SPNs and i-SPNs. All DLS
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control virus injected mice (n=10, P <0.05, respectively).
On the other hand, in Hcn2 sgRNA injected mice, dimaprit
lost its increasing effect on the HCN channel current (/)
of the DLS neurons from 0.36 +0.05 to 0.35+0.04 pA/pF
(n=10, P=0.987). Furthermore, as shown in Fig. 10h, i, in
current-clamp mode, dimaprit (30 pM) on evoked firing of
DLS neurons did not differ between saline and control virus
injected mice (n=10, 12.7+0.84 Hz and 11.8 +1.02 Hz,
respectively, P >0.05), while dimaprit (30 pM) on evoked
firing was reduced by HCN2 channel knockout in the DLS
neurons from 11.8 +1.02 Hz in control virus to 2.6 + 0.4 Hz
in virus-carrying Hcn2 sgRNA injected mice (n =10,
P <0.001). In addition, no difference was noted in the down-
stream ionic mechanism coupled to HIR and H2R between
d-SPNs (n=12) and i-SPNs (n=18). All these results
strongly support that the HCN2 channel coupled to H2R
mediated the effect of histamine on DLS neurons.

Discussion

Rodent DLS is a part of the sensorimotor striatum, which
integrates glutamatergic innervation from the motor cortex
and thalamus and plays an important role in motor con-
trol and motor learning [9, 11, 34]. In our earlier report,
we have shown that histamine excited rat striatum via both
H1R and H2R [5]. In the present study, we demonstrated
that the histaminergic innervation from the TMN to DLS
(Fig. 1) and histamine excited d-SPNs and i-SPNs in DLS
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via postsynaptic HIR and H2R, whereas activation of the
presynaptic H3R inhibited the activity of d-SPNs and i-SPNs
in DLS at molecular, cellular, and circuitry levels (Figs. 2, 3,
and 4). Moreover, using CRISPR/Cas9 gene-editing technol-
ogy, the NCX3 subtype and potassium leak channels cou-
pled to HIR co-mediated the excitatory effects of histamine
(Figs. 5, 6, and 7). Furthermore, through CRISPR/Cas9
gene-editing technology, the HCN2 channel subtype coupled
to H2R was found to mediate the effect of histamine on DLS
neurons (Figs. 8, 9, and 10). All these results demonstrate
the multiple ionic mechanisms underlying the excitatory and
inhibitory modulation of the histamine/central histaminergic
system on d-SPNs and i-SPNs in mouse DLS, along with the
related motor control and motor learning.

Studies have confirmed the expression of HIR, H2R,
and H3R in the striatum [5, 19, 35]. H3R is a presynaptic
auto- or heteroreceptor, which is highly expressed in the
striatum and regulates the release of histamine, glutamate,
and dopamine in the striatum through negative feedback
[20, 36]. HIR and H2R are postsynaptic receptors, which
mediate the excitatory effect of histamine on striatal neu-
rons. Histamine can depolarize isolated rat striatal neurons
or cholinergic interneurons of acute striatal slices in vitro in
a concentration-dependent manner by acting on either HIR
or both HIR and H2R to reduce outward potassium currents
[37, 38]. In this study, we demonstrated the excitatory effect
of histamine via postsynaptic HIR and H2R, as well as the
inhibitory effect of presynaptic H3R activation on d-SPNs
and i-SPNs in DLS. These findings are in accordance with
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Fig. 10 HCN2 channel subtype mediated the effect of H2R activa-
tion on DLS neurons. a Diagram of virus-carrying Hcen2 sgRNA
injection into the DLS of LSL-Cas9-tdTomoto::D1/D2-Cre mice.
b Representative image of the expression of Hcn2 sgRNA (green-
colored, indicated by EGFP), Cas9 (red-colored, indicated by tdTo-
mato), Cas9, and Hcn2 sgRNA co-expression (merged) on the DLS
neurons. ¢ The relative quantification of neurons expression Cas9 and
neurons co-expression of Cas9 and Hcn2 sgRNA in numerical den-
sity (n= 10 neurons, two-tailed unpaired #-test; t;3=0.571; P=0.575).
d Dimaprit (30 pM) induced inward current on the DLS neurons in
saline, control virus, and AAV-Hcn2 sgRNA injected mice. e Group
data of the 10 tested DLS neurons (n= 10 neurons, one-way ANOVA;
Fp27,=380.342, P<0.001; post hoc SNK comparison test). f A series
of 1 s hyperpolarizing voltage steps (ranging from—70 to—130 mV

in—10 mV steps) were employed to observe the effect of dimaprit
(30 pM) on the HCN channel current (/,) in DLS neurons that were
selectively knocked out by the HCN2 channel. g Group data of the
tested DLS neurons indicating the I, current density in the control
and during the application of dimaprit (30 pM) against the membrane
potential on— 130 mV (n=10 neurons, two-way RM-ANOVA; group,
F,15=108.267, P<0.001; treatment, F, ;5,=5.764, P=0.04; inter-
action, F, 15, =1.719, P=0.207; post hoc SNK comparison test). h
The effects of dimaprit (30 pM) on evoked firing of DLS neurons in
saline, control virus, and AAV-Hcn2 sgRNA injected mice. i Group
data of the 10 tested DLS neurons (n= 10 neurons, one-way ANOVA;
F(2‘27)=49.016, P <0.001; post hoc SNK comparison test). Data are
presented as mean +SEM; ns, no statistical difference, *P <0.05 and
%P <0.001
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the previous in vitro studies involving perforated patch-
clamp electrophysiological recordings, immunohistochemi-
cal studies as well as in situ hybridization, showing the dis-
tribution of histaminergic fibers and receptors in mice, rats,
and guinea pigs [5, 20, 38, 39]. Suggesting that the central
histaminergic system may modulate the projection neurons
in the striatum and subsequently participate in regulating
motor control and motor learning, such as parkinsonian
motor deficits and cognitive disorders [4, 10, 11].

Previous studies have shown that histamine mediates
the excitability of neurons through various signaling path-
ways downstream of HIR, including phospholipase C-G-
protein-IP3 and DAG pathway, potassium leak channels,
calcium-activated cation channel, and NCXs [1, 2, 29]. Elec-
trophysiological, in situ hybridization, and immunofluores-
cence histochemical studies have revealed the distribution
of NCX and the expression of potassium leak channels in
the basal ganglia [31, 40—42]. In this study, we established
that both NCXs and potassium leak channels are involved
in the excitation of d-SPNs and i-SPNs in DLS induced by
HIR. Since the reversal potential of NCXs is+ 195 mV, the
activation of the antiporter produces a significant depolari-
zation effect [43]. Due to its high capacity and low affin-
ity for sodium and calcium ion transport across the plasma
membrane, NCX participates in regulating neuronal firing
by reducing the accumulation of calcium ions in neurons
[44, 45]. Furthermore, the reversal potential of potassium
leak channels is closer to the potassium ion equilibrium
potential (— 105 mV), which helps in preserving a negative
membrane potential and thus decreasing the excitability [41,
46]. Considering that via HIR, histamine excites d-SPNs
and i-SPNs in DLS by opening the NCX channel and closing
the potassium leakage channel, we speculate that the central
histamine can regulate neuronal activities by affecting the
intracellular calcium and potassium concentration in DLS
neurons.

HCN channel-mediated hyperpolarization-activated
mixed cation current (/i) with inward rectification charac-
teristics [47—-49]. Immunohistochemistry showed that four
types of HCN channels were expressed in rat striatum [50].
In the rat and mouse model of Parkinson’s disease (PD),
the expression of the HCN channel in cholinergic interneu-
rons in the striatum decreased, resulting in a decrease in /,,
current. This also led to a reduction in neuronal excitabil-
ity, reduced acetylcholine release, imbalance of dopamine/
acetylcholine, and consequently, the emergence of cogni-
tive impairments [51, 52]. In the current work, we could
detect the mRNA expression of four types of HCN channels
in the d-SPNs and i-SPNs in DLS. Also, histamine excited
the d-SPNs and i-SPNs in DLS through the HCN2 channel,
coupled downstream of H2R. These results are consistent
with the distribution of four types of HCN channel proteins
in rat striatum. Furthermore, considering that HCN channels
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are closely related to the regularity of neuronal firing rate
and firing pattern [21, 53, 54], we speculate that the central
histaminergic afferent system may affect motor control and
cognitive functions by affecting the neuronal firing activity
of d-SPNs and i-SPNs in DLS.

Rodent DLS is part of the sensorimotor striatum, which
plays a critical role in controlling motor behavior and cogni-
tive functions [34, 55]. Here, we report the direct excitatory
as well as the inhibitory effect of histamine on d-SPNs and
i-SPNs in DLS, via postsynaptic HIR and H2R and presyn-
aptic H3R, respectively. Intriguingly, in mice performing
an operant task, a transient increase in neuronal activity
was observed in d-SPNs and i-SPNs when the animals initi-
ated actions, instead of when they were inactive [56]. DLS
NMDA lesions produce apparent deficits in serial reaction
time (SRT) of task performance [57]. Patients with PD are
impaired in Go/No Go responding, with short response times
and accuracy in SRT tasks [58, 59]. Therefore, we need to
further validate the role of central histaminergic innerva-
tion from the hypothalamus that affects the activity of DLS
neurons through its pre- and postsynaptic receptors in motor
control and motor learning. Moreover, histamine receptors
and ion channels coupled downstream of histamine receptors
in d-SPNs and i-SPNs of DLS may be potential targets in
the treatment of basal ganglia-related motor diseases such
as motor deficits and cognitive impairments.
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