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Histaminergic Control of Corticostriatal Synaptic Plasticity
during Early Postnatal Development

Sungwon Han,* ““Ricardo Marquez-Gomez,* Myles Woodman, and ““Tommas Ellender
Department of Pharmacology, University of Oxford, OX1 3QT, Oxford, United Kingdom

A reduction in the synthesis of the neuromodulator histamine has been associated with Tourette’s syndrome and obsessive-
compulsive disorder. Symptoms of these disorders are thought to arise from a dysfunction or aberrant development of
corticostriatal circuits. Here, we investigated how histamine affects developing corticostriatal circuits, both acutely and lon-
ger-term, during the first postnatal weeks, using patch-clamp and field recordings in mouse brain slices (C57Bl/6, male and
female). Immunohistochemistry for histamine-containing axons reveals striatal histaminergic innervation by the second post-
natal week, and qRT-PCR shows transcripts for H;, H,, and Hj histamine receptors in striatum from the first postnatal week
onwards, with pronounced developmental increases in H; receptor expression. Whole-cell patch-clamp recordings of striatal
spiny projection neurons and histamine superfusion demonstrates expression of functional histamine receptors from the first
postnatal week onwards, with histamine having diverse effects on their electrical properties, including depolarization of the
membrane potential while simultaneously decreasing action potential output. Striatal field recordings and electrical stimula-
tion of corticostriatal afferents revealed that histamine, acting at H; receptors, negatively modulates corticostriatal synaptic
transmission from the first postnatal week onwards. Last, we investigated effects of histamine on longer-term changes at
developing corticostriatal synapses and show that histamine facilitates NMDA receptor-dependent LTP via Hj receptors dur-
ing the second postnatal week, but inhibits synaptic plasticity at later developmental stages. Together, these results show that
histamine acutely modulates developing striatal neurons and synapses and controls longer-term changes in developing corti-
costriatal circuits, thus providing insight into the possible etiology underlying neurodevelopmental disorders resulting from
histamine dysregulation.
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Monogenic causes of neurologic disorders, although rare, can provide opportunities to both study and understand the brain.
For example, a nonsense mutation in the coding gene for the histamine-synthesizing enzyme has been associated with
Tourette’s syndrome and obsessive-compulsive disorder, and dysfunction of corticostriatal circuits. Nevertheless, the etiology
of these neurodevelopmental disorders and histamine’s role in the development of corticostriatal circuits have remained
understudied. Here we show that histamine is an active neuromodulator during the earliest periods of postnatal life and acts
at developing striatal neurons and synapses. Crucially, we show that histamine permits NMDA receptor-dependent cortico-
striatal synaptic plasticity during an early critical period of postnatal development, which suggests that genetic or environ-
mental perturbations of histamine levels can impact striatal development.
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Introduction

In the adult brain, the neuromodulator histamine controls many
processes, including sleep-wakefulness and levels of attention
and vigilance, among others (Schwartz et al, 1991; Haas and
Panula, 2003; Panula and Nuutinen, 2013). The main neuronal
sources of histamine are the histaminergic neurons located in the
tuberomamillary nucleus (TMN) of the hypothalamus, which
possess widespread axonal arborizations and release histamine
throughout the brain (Inagaki et al., 1988). Released histamine
acts mainly at three distinct metabotropic histamine receptors
expressed in the CNS: the H;, H,, and H; receptors, which are
each coupled to distinct intracellular pathways and regulate
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many cellular processes (Haas and Panula, 2003). Not only do
the histaminergic neurons in the TMN start synthesizing hista-
mine prenatally, the young developing brain also contains addi-
tional transient sources of histamine, such as raphe serotonergic
neurons (Auvinen and Panula, 1988; Vanhala et al., 1994), epen-
dymal cells lining the ventricle, and mast cells (Nissinen and
Panula, 1995; Panula et al., 2014) among others (Zecharia et al.,
2012), but the functional role for histamine during early brain
development remains largely unknown.

A rare mutation in the gene coding for the histamine-synthe-
sizing enzyme, histidine decarboxylase, which results in overall
lower levels of histamine synthesis, was described in a group of
patients diagnosed with Tourette’s syndrome and obsessive-com-
pulsive disorder (Ercan-Sencicek et al., 2010). The symptoms seen
in these disorders are thought to arise from dysfunction of the
basal ganglia (Mink, 2001; Albin, 2006; Yael et al., 2015); an
interconnected network of subcortical nuclei important in
motor behavior and cognitive function (Graybiel et al., 1994;
Grillner et al., 2005). The striatum is the main input nucleus of
the basal ganglia, which exhibits extensive modulation by hista-
mine in adulthood (Doreulee et al., 2001; Ellender et al., 2011;
Castellan Baldan et al, 2014; Bolam and Ellender, 2016;
Rapanelli et al., 2017a), and much evidence points to alterations
in cortico-striatal-thalamo-cortical loops in Tourette’s syn-
drome (Felling and Singer, 2011; McNaught and Mink, 2011).
A series of in vivo studies using mice with reduced brain hista-
mine levels, either through gene KO (Castellan Baldan et al.,
2014; Abdurakhmanova et al., 2017) or acutely through chemo-
genetic manipulation of histaminergic neurons (Rapanelli et al.,
2017a,b), have shown that this can recapitulate some key symp-
toms (e.g., increases in repetitive behaviors) as a result of
changes in striatum. However, these studies were focused on
adult animals, which limits our understanding of histamine’s
role during early striatal development as well as in relation to
neurodevelopmental disorders.

Here we explored whether histamine modulates the proper-
ties of the main neurons of the striatum: the GABAergic spiny
projection neurons (SPNs) and their synaptic inputs during the
earliest periods of postnatal life when SPNs are maturing
and synapses are forming (Tepper et al., 1998; Kozorovitskiy
et al., 2012; Peixoto et al., 2016, 2019; Krajeski et al., 2019).
Experiments were performed during the first postnatal week (i.e.,
postnatal day 3-6) when most striatal SPNs have been born but
excitatory synaptic inputs are thought to be minimal, the second
postnatal week (i.e., postnatal 9-12) when excitatory inputs are
undergoing a period of rapid maturation, and young adulthood
(i.e., postnatal day 21-35) when the striatal SPNs and circuits are
thought to be approaching maturity (Tepper et al, 1998;
Khazipov et al., 2004; Dehorter et al., 2011; Kozorovitskiy et al.,
2012; Peixoto et al., 2016, 2019) with mice reaching sexually ma-
turity at 35d (Foster et al., 1983). We find that histamine widely
modulates both the electrical properties of striatal neurons as
well as the developing corticostriatal synapses, during the earliest
periods of postnatal life. Importantly, we find that histamine has
a key role in permitting longer-term synaptic changes at cortico-
striatal synapses during an early critical period of development.
Overall, these results suggest that altered histamine levels, as a
result of genetic mutations or environmental factors, could
acutely, can affect developing corticostriatal circuits.

Materials and Methods

Animals. All experiments were conducted on C57Bl/6 WT mice of
both sexes with ad libitum access to food and water. Experiments were
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designed to use littermates for the various developmental age ranges
within single experiments to control for effects of litter sizes and maternal
care factors that could affect degree of neuronal and circuit maturity. All
mice were bred and individually ventilated cages housed in a temperature-
controlled animal facility (normal 12:12 h light/dark cycles) and used in
accordance with the UK Animals (Scientific Procedures) Act (1986).

Slice preparation and recording conditions. Acute striatal slices were
made from postnatal animals between postnatal day (P) P3-P6, P9-P12,
or P21-P35. A small number of mice older than P35 were used for a sub-
set of additional experiments, and results obtained have been reported
where appropriate. The mice were anesthetized with isoflurane and then
decapitated. Coronal 350-400 pm slices were cut using a vibrating
microtome (Microm HM650V). Slices were prepared in aCSF contain-
ing the following (in mm): 65 sucrose, 85 NaCl, 2.5 KCl, 1.25 NaH,PO,,
7 MgCl,, 0.5 CaCl,, 25 NaHCOs;, and 10 glucose, pH 7.2-7.4, bubbled
with carbogen gas (95% O,/5% CO,). Slices were immediately trans-
ferred to a storage chamber containing aCSF (in mwm) as follows: 130
NaCl, 3.5 KCl, 1.2 NaH,PO,, 2 MgCl,, 2 CaCl,, 24 NaHCOj3, and 10 glu-
cose, pH 7.2-7.4, at 32°C and bubbled with carbogen gas until used for
recording. Field recordings were performed in striatal slices transferred
to an interface chamber (Scientific Systems Design) and continuously
superfused with aCSF bubbled with carbogen gas with the same compo-
sition as the storage solution (32°C and perfusion speed of 2 ml/min).
Recordings were made using glass pipettes, pulled from standard wall
borosilicate glass capillaries and containing aCSF using a Multiclamp
700A amplifier (Molecular Devices), filtered at 4kHz and acquired at
10kHz using a X-series USB-6341 A/D board (National Instruments)
and WinWCP software (University of Strathclyde, RRID:SCR_014713).
Recordings from single neurons were made in striatal slices in a sub-
merged recording chamber (Slicescope Pro 1000, Scientifica) continu-
ously superfused with aCSF bubbled with carbogen gas with the same
composition as the storage solution (32°C and perfusion speed of 2 ml/
min). Whole-cell current-clamp recordings were performed using glass
pipettes, pulled from standard wall borosilicate glass capillaries (to mini-
mize dialysis of cytosolic components, we used 6-8 M() resistance pip-
ettes), and containing for whole-cell current-clamp (in mwm) as follows:
110 potassium gluconate, 40 HEPES, 2 ATP-Mg, 0.3 Na-GTP, 4 NaCl,
and 4mg/ml biocytin (pH 7.2-7.3; osmolarity, 290-300 mosmol/L).
Recordings were made using a Multiclamp 700B amplifier and filtered at
4kHz and acquired at 10 kHz using an InstruTECH ITC-18 analog/digi-
tal board and WinWCP software (University of Strathclyde, RRID:SCR_
014713) at 10 kHz.

Stimulation and recording protocols of field recordings. Activation of
excitatory cortical afferents was performed using a bipolar stimulating
electrode (FHC) or a glass electrode placed in the deep layers of the cor-
tex at a distance to the striatum to avoid direct activation of striatal neu-
rons. Electrical stimulating pulses were given using a DS2 Isolated
Stimulator (Digitimer) ranging from 10 to 100 V and 200 us in duration
and stimulation strength was chosen to give half-maximum fEPSPs as
recorded from a glass electrode placed in dorsal striatum. All recordings
were made in the presence of the GABA 4-receptor antagonist SR95531
(gabazine; 200 nm). The stability of fEPSPs during recordings was
assessed for 20-30 min before start of experiments, and only recording
conditions where the fEPSP amplitude changed <10% were accepted.
Cortical afferents were activated every 5-10 s in both drug superfusion
and synaptic plasticity experiments. Trains of stimulations consisted of 6
pulses given at 20 Hz repeated at 30 s intervals up to 5 times. Long-term
synaptic plasticity protocols consisted of stimulation of cortical afferents
at 5-10 s intervals for a minimum of 5 min to obtain a stable baseline
measurement of fEPSP amplitude, after which afferents were transiently
stimulated using a theta-burst stimulation (TBS) paradigm consisting of
brief bursts of stimulation at either 10 or 50 Hz. These bursts consisted
of 13 pulses given at 10 or 50 Hz and were repeated 20 times with a
200 ms interval. After this protocol, afferents were activated every 5-10 s
for at least 40min to assess potential longer-term changes in fEPSP
amplitude.

Stimulation and recording protocols of single neuron recordings.
Hyperpolarizing and depolarizing current steps were used to assess the
intrinsic properties of recorded SPNs in dorsal striatum, including input
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resistance and spike threshold (using small incremental current steps) as
well as the properties of action potentials (amplitude, frequency, and du-
ration). Currents step ranges for P3-P6 slices were as follows: =50 to 50
pA; for P9-P12: -100 to 100 pA; and for P21-35: =500 to 500 pA. These
ranges of currents were chosen to allow sufficient depolarization of
SPNGs, taking in consideration changes in input resistance and observa-
tions of depolarization block and action potential failure in SPNs. A dis-
tinction between striatal SPNs and interneurons was made based on our
previous experience (Ellender et al.,, 2011; Krajeski et al, 2019) and
involved a combined assessment of resting membrane potential, input
resistance, delay to firing, and overall action potential frequency; and if
in doubt, neurons were excluded from experiments and/or data analysis.
The stability of whole-cell recordings was assessed for 1-3 min before
the start of experiments, including measurements of input resistance
and holding current and if these changed during this period by >10%
the neuron was discarded.

Analysis of recordings. Data were analyzed offline using custom writ-
ten programs in Igor Pro (Wavemetrics, RRID:SCR_000325). The input
resistance was calculated from the observed membrane potential change
after hyperpolarizing the membrane potential with a set current injec-
tion. The membrane time constant was calculated as the time it took to
reach 63% of the final membrane potential change after hyperpolarizing
the membrane potential. The resting membrane potential was obtained
continuously during recordings, and the first 5min of recordings in
aCSF was compared with the last 5min of recordings in the presence of
histamine. Individual recording sweeps exhibiting large noise fluctua-
tions were manually removed from analysis. The rheobase was the mini-
mal current injection needed for a striatal SPN to generate an action
potential. Time to first spike was the time between the start of the depo-
larizing step and the emergence of the first observed action potential.
The spike rate was calculated from the total number of action potentials
observed at the indicated depolarizing step. Other intrinsic properties
were calculated from cellular responses after depolarizing steps for
P3-P6 at 40 pA, for P9-P12 at 90 pA, and for P21-P35 at 400 pA. The
interspike interval (ISI) was the time between two subsequent action
potentials, with the first ISI referring to the time between the first and
second action potential. The action potential amplitude was taken from
the peak amplitude of the individual action potential relative to the aver-
age steady-state membrane depolarization during positive current injec-
tion. Action potential duration was taken as the duration between the
upward and downward stroke of the action potential at 25% of the peak
amplitude. fEPSP properties were analyzed from average fEPSPs derived
from at least 20 sweeps. fEPSP recordings often included a clear stimula-
tion artifact followed by a first negativity (so-called N1), which reflects
direct activation of neurons and axons presynaptic fiber volley, and a
second negativity (so-called N2), which reflects synaptic transmission
(Malenka and Kocsis, 1988; Flagmeyer et al., 1997); the latter was used
for fEPSP measurements. Measurements include peak amplitude (meas-
ured as the difference between the prestimulus voltage and the peak of
the fEPSP), duration (measured from the start of the upward/downward
stroke of the event until its return to the pre-event baseline), rise time
(time between 20% and 80% of the peak amplitude), and decay time
(measured as the time from peak amplitude until the event returned to
baseline). The short-term plasticity at cortical afferents was derived from
the amplitude of each fEPSP during train stimulation divided by the am-
plitude of the first response.

Histologic analyses. Histaminergic afferents were revealed in fixed
brain sections using a modification of a previously described protocol
(Ellender et al., 2011). In brief, P3-P6, P9-P12, or P21-P35 C57Bl/6
mice were anesthetized with isoflurane, and brains removed and washed
in ice-cold cutting aCSF and immediately transferred to ice-cold 4% 1-
ethyl-3-[3-dimethylaminopropyl] carbodiimide HCl (Thermo Fisher
Scientific, catalog #22981) in 0.1 M PB, pH 6.0, and kept at 4°C for 3d
followed by further fixation in 4% PFA in 0.1 m PBS for 2 d. Sagittal and
coronal vibratome sections (40 pm) were collected and subjected to anti-
gen retrieval by heating at 80°C in 10 mM sodium citrate, pH 6.0, for 20-
30min. Sections were then blocked with 10% normal goat serum
(Jackson ImmunoResearch Laboratories, AB_2336990 catalog #005-000-
121, lot #142539) in PBS containing 1% Triton X-100 for 1 h, at room
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temperature, followed by incubation for 4 d with 1:500 anti-rabbit hista-
mine antibody (Immunostar, AB_572245, catalog #22939, lot #1532001)
in PBS at 4°C under gentle agitation. After this, sections were washed
and incubated in 1:500 biotinylated goat-anti-rabbit IgG (Invitrogen,
catalog #B2770, lot #1870403) overnight at 4°C. The sections were then
washed and incubated in Vectastain ABC Elite (Vector Laboratories,
AB_2336827, catalog #PK-6100, lot #ZF0425) for 4 h at room tempera-
ture under gentle agitation, followed by incubation with 1:1000 DAPI
for 10 min. Sections were washed thoroughly and then incubated over-
night at 4°C in 1:1500 ZyMax anti-streptavidin-Cy3 fluorophore
(Invitrogen, catalog #438315, lot #1001066A). Finally, all sections were
mounted in Vectashield (Vector Laboratories, catalog #H-1000, lot
#7ZF0409), and images were captured with a DM5000B epifluorescence
microscope (Leica Microsystems) using Openlab software (PerkinElmer
Life and Analytical Sciences). Images were processed in Adobe
Photoshop CS3 and Adobe Illustrator CS3. Measurements of histamine
axonal length and intensity were performed using single representative
images consisting of 1 mm? regions of cortex and dorsal striatum con-
taining histamine axons using ImageJ software. Axonal fluorescence sig-
nal was measured as the difference in signal between background
(average of 30+ points outside of axonal fibers) and the signal within
axonal fibers (average of 30+ points inside of axonal fibers) and is
expressed as percentage above background. Axons were detected man-
ually in images, but the fluorescent signal within axons had to pass a
threshold of 2 SDs above the background signal. Total axonal length was
derived from manually traced axons within the 1 mm? regions. Axonal
arborizations were manually counted during tracing of axons.

qRT-PCR. Acute brain slices (400 pm) from P3-P6, P9-P12, or P21-
P35 C57Bl/6 mice were made as previously described with the addition
of thorough cleaning of all tools and the vibratome with RNaseZAP
(Sigma Millipore, catalog #R2020) and wiping the surfaces using RNase
Decontamination Wipes (Thermo Fisher Scientific, catalog #AM9786).
Brain slices containing the striatum were collected with a brush and
transferred into a 1.5 ml RNase-free tube containing 700-1000 pl of
RNAlater (Invitrogen, catalog #AM7020) and incubated at 4°C for at
least 24 h. After incubation, the brain slices were removed from
RNAlater solution and transferred to a Petri dish pretreated with RNase
ZAP and containing sterile cutting aCSF. The striatum was dissected
under a light microscope, and the sections of striatum were collected in
a QIAshredder column (QIAGEN, catalog #7905A) containing 300 pl of
PureLink lysis buffer solution (Invitrogen, catalog #12183018A). The
striatal tissue was centrifuged at 20,000 x g (Eppendorf Centrifuge,
model 5424) to disrupt the tissue. After this, 1 volume of 70% ethanol
was added to the homogenate and vortexed to disperse any precipitate.
The full volume was transferred to a PureLink spin cartridge and centri-
fuged (15 s, 13,000 x g). Further washing steps were performed accord-
ing to the PureLink manufacturer’s instructions. Elution of mRNA was
performed with 50pl of the manufacture-provided elution buffer.
mRNA quantity and quality were assessed using a Nanodrop spectro-
photometer (ND-1000), and a 1% agarose gel was used to confirm
mRNA quality. A cDNA library was generated from 1pg of striatal
mRNA using the Super Script IV VILO kit (Thermo Fisher Scientific,
catalog #11766050). The genomic DNA digestion, RT, and no-RT reac-
tions were prepared according to the manufacturer’s instructions. cDNA
samples were kept at —80°C until needed. For the qRT-PCR, three pairs
of primers targeting the exon-intron region of the histamine H;, H,, Hj,
and H, receptor transcripts as well as the B-actin transcript were
designed using the NCBI primer blast web server (https://www.ncbi.
nlm.nih.gov/tools/primer-blast/) and verified using the oligo analyzer
Beacon Designer (PRIMER Biosoft International); they were initially
tested for amplification cycle and specificity, and a single pair was used
for all future experiments. Primers used for qRT-PCR experiments
include the following: for H; (forward: TGACCAGACCTTGAGC
CAGCCCAAAATG and reverse: AGACCTGCTTCTCGCTTTGACT
TTGCCC), H, (forward: CCACAACTCTCACAAAACTTCC and
reverse: CTTCTCCTCCTGCCATCTAC), Hj; (forward: TGCACA
GGTATGGGGTGGGTGAG and reverse: CCAAGGACGCTGAAG
ACGCTGATG), H; (forward: TGGAAGAACAGCACGAACACAA
AGGAC and reverse: GAAATAAGCCACAGAGATGACAGGAAG
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CAG) and B-actin (forward: CCAGCCTTCCTTCTTGGGTATC and
reverse: CTTTACGGATGTCAACGTCACAC). The primers were
resuspended according to the manufacturer’s instructions to a concen-
tration of 100 uM. A primer aliquot was used to obtain a 2 um stock solu-
tion. A mix was prepared for each reaction, containing 5 pil of PowerUp
SYBER Green Master Mix (Thermo Fisher Scientific, catalog
#100029284), 1 pl of the forward primer, 1 pl of the reverse primer (final
concentration of 200 nm each primer, 1:10 dilution from the 2 um stock
solution), and 1 pl of nuclease free water; 2l of the cDNA (~1ng) of
each striatal age group (P3-P6, P9-P12, or P21-P35) was added to the
corresponding wells in a 96-well plate, for a final volume of 10 pl per
reaction. 3-actin was used as housekeeping gene, and samples were pre-
pared following the same procedure. After this, the 96-well plate was
covered with a Microseal B seal (Bio-Rad, catalog #MSB1001) and cen-
trifuged (1000 x g, 10 s). The qQRT-PCR was performed following the
PowerUp SYBER Green manufacturer’s instructions, and results were
detected with a CFX96 real-time PCR detection system (Bio-Rad, catalog
#184-5384). Data were collected from the striatal mRNA of 3 mice per
age group (three biological replicates). Each experiment was designed to
test for H,, Hy, Hs, and Hy receptor mRNA expression in the same age
group, with each receptor being measured by triplicate (technical repli-
cates). Data analysis was performed using the AC, method, and normal-
ized against the respective 3 -actin control samples. A 0.05 AC,~" cutoff
was set, which corresponds to the minimum AC, value within a window
comprising the B-actin C; values and the maximum 40x C, amplifica-
tion cycles. In addition, a threshold of 100 RFU was set for accepting an
amplification curve.

Experimental design and statistical analysis. All data are presented as
mean * SEM. n indicates the number of neurons, brain sections, RT-
PCR samples, and the number of C57Bl/6 WT mice of both sexes tested.
Statistical tests were all two-tailed and performed using SPSS 17.0 (IBM,
RRID:SCR_002865) or GraphPad Prism version 5.0 (GraphPad
Software, RRID:SCR_002798). Continuous data were assessed for nor-
mality, and appropriate parametric (ANOVA, paired ¢ test, and inde-
pendent ¢ test) or nonparametric (Mann-Whitney U, Wilcoxon Signed
Rank, and Kruskal-Wallis) statistical tests were applied.

Drugs and chemicals. Drugs used in electrophysiological experiments
included histamine (10 um), the Hj receptor antagonist thioperamide
(10 um), the NMDA receptor antagonist D-AP5 (50 um), and the
GABA, receptor antagonist SR95531 (200 nm). A concentration-
response pilot experiment for histamine (range of 1-100 um), reducing
the amplitude of electrically evoked corticostriatal EPSPs, gave an ICs,
of 1.2 um with a maximum effect at 5 um (Ellender et al., 2011). All drugs
were obtained from Tocris Biosciences.

Results

The striatum contains histaminergic afferents from the
second postnatal week onwards

The early postnatal mouse brain contains several sources of his-
tamine, with the main neuronal source being the histaminergic
neurons of the TMN, which start producing histamine prenatally
and continue to do so throughout postnatal life (Auvinen and
Panula, 1988; Vanhala et al., 1994; Nissinen and Panula, 1995).
In adulthood, it has been shown that histaminergic neurons of
the TMN innervate extensive regions of the brain, including the
striatum (Haas and Panula, 2003). Here we explored whether
histaminergic afferents are present in the cortex as well as the
striatum of younger C57Bl/6 mice at P3-P6, P9-P12, and P21-
P35 (n=3 mice for each age range; Fig. 1A4). A polyclonal anti-
body against histamine was used to label histamine-containing
structures in 40-um-thick sections of 1-ethyl-3-[3-dimethylami-
nopropyl] carbodiimide HCl-fixed brains and produced clear
labeling of histaminergic neurons in the TMN (Fig. 1B). In P3-
P6 mice, histaminergic afferents were detected in the cortex (flu-
orescence signal expressed as percentage above background:
56.18 = 14.32%) but not in the striatum (Fig. 1C,F). In contrast,
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histamine immunoreactivity could be readily seen in both cortex
and striatum at P9-P12 (cortex: 69.76 = 30.15%; striatum:
89.56 + 30.95%) and consisted of thin axonal structures with
minimal arborization (cortex, axonal length: 102.01 = 9.16 um;
no arborization and striatum, axonal length: 67.68 = 15.95 um;
arborization: 0.33 = 0.33; Fig. 1D,F). In P21-P35 mice, hista-
mine-containing fibers were observed in both striatum and the
cortex at higher densities and were significantly increased for
striatum (cortex, axonal length: 126.02 * 18.08 um; arborization:
0.66 = 0.33; and striatum, axonal length: 111.3 = 6.88 um; arbo-
rization: 3.33 = 0.33; axonal length striatum: P9-P12 vs P21-P35,
Fa6) = 31.28, p=0.049; arborization striatum: P9-P12 vs P21-
P35, Fpe = 45.50, p=0.0006, ANOVA; n=3 mice; Fig. 1E,F).
These results suggest that histaminergic fibers in the cortex are
present just after birth and that, by P9-P12, both cortex and stria-
tum contain histaminergic axonal structures.

Changes in relative expression levels of histamine receptor
transcripts in the striatum

We next investigated to what extent histamine receptors are
expressed in the striatum and whether expression levels change
dynamically across postnatal development. The striatum was dis-
sected from acute brain slices at the three developmental periods,
followed by extraction of striatal mMRNA and qRT-PCR to assess
transcript levels for the H, H,, H;, and H, histamine receptors
(Fig. 2A,B). Products of the qRT-PCR produced clear single
bands of predicted sizes (Fig. 2C). Transcript levels were com-
pared with the housekeeping gene /3 -actin, which exhibited min-
imal change across postnatal development (C, values at P3-P6:
17.59 £ 0.10; P9-P12: 17.90 + 0.20; and P21-P35: 18.40 * 0.34,
p=0.14, Kruskal-Wallis; n=12/3 mice in each age group; Fig.
2GC,D).

We found that transcripts for the H,; receptor (AC, ! values,
P3-P6: 0.10 = 0.02; P9-P12: 0.12 £ 0.01; and P21-P35: 0.11 *
0.01; n=3 mice in each age group, Fs) = 1.19, p=0.36, all vs
P3-P6 group, one-way ANOVA), and transcripts for the H, re-
ceptor remained predominantly constant throughout the devel-
opmental periods studied, with only a slight but significant
increase for the H, receptor from P3-P6 to P21-P35 (AC, ~' val-
ues, P3-P6: 0.09 = 0.003; P9-P12: 0.10 * 0.002; and P21-P35:
0.11 £0.005, Fz6 = 9.33, p=0.009, P3-P6 vs P21-P35; n=3
mice in each age group, one-way ANOVA). In contrast, tran-
scripts for the Hj histamine receptor showed a rapid and signifi-
cant increase from the first to the second postnatal week, and a
further increase from the second postnatal week onwards (AC, !
values, P3-P6: 0.10 = 0.02; P9-P12: 0.22 =0.02; P21-P35:
0.25 + 0.02; Fo6) = 21.89, P3-P6 vs P9-P12 p =0.004 and P3-P6
vs P21-P35 p=0.0015, one-way ANOVA; n =3 mice in each age
group; Fig. 2D). We did not detect significant expression levels
for the H, receptor at any of the developmental periods (AC, "
values, P3-P6: 0.03 = 0.02; P9-P12: 0.01 = 0.03; P21-P35: 0.02
* 0.03, all vs P3-P6 group, F,6 = 0.99, p=0.42, one-way
ANOVA; n=3 mice in each age group), suggesting that these
receptors are not expressed in the striatum (Schneider and
Seifert, 2016). In addition, we did not observe amplification in
the no-RT reactions for either histamine receptors or S-actin
(Fig. 2B). Together, these results suggest that the striatum already
contains transcripts coding for the various histamine receptors
from the first postnatal days onwards, and, second, that expres-
sion levels are dynamic throughout development as exemplified
by significant increases in transcript levels for the H, and Hj his-
tamine receptors.
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Figure 1.  Histaminergic innervation of the developing striatum. A, Schematic representation indicating developmental
periods used for histamine labeling experiments. B, Histamine immunoreactivity (red) reveals histaminergic neurons in the
TMN of the hypothalamus (red square in diagram) of a P21 mouse. All sections were stained with DAPI to facilitate delinea-
tion of anatomic structures; and for display purposes levels, brightness and contrast were optimized. C, At P3—P6, sparse his-
tamine immunoreactive fiber staining was found in the cortex (top, white arrowheads), but not in the striatum (bottom).
The diffuse weak signal in the striatum results from autofluorescence of blood vessels in striatum. D, At P9-P12, histamine
immunoreactive fibers were found in both the striatum and the cortex (white arrowheads) and were also found at a higher
density at (F) P21-P35. F, Quantification of histaminergic axonal length, fluorescence, and arborizations in both cortex
(white, left) and striatum (blue, right). Cortical histaminergic innervation was present at birth, and axons did not exhibit a
significant increase in length, fluorescence, or arborizations during postnatal development (all p > 0.05). Striatal histaminer-
gic innervation was only detected at P9—P12 (axonal length P3—P6 vs P9-P12, F(5) = 31.28, p=0.0074, and axonal fluo-
rescence P3—P6 vs P9-P12, Fo5 = 5.90, p=0.034). ec, External capsule. ns, non-significant, ***p < 0.001; **p < 0.07;
*p < 0.05; ANOVA.
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Histamine modulates the electrical
properties of developing striatal SPNs
The observation that the striatum during
the first postnatal weeks contains both
histaminergic afferents and transcripts
coding for the main histamine receptors
suggests that released histamine has the
potential to act on developing striatal neu-
rons and synapses. Therefore, we next
investigated whether the intrinsic elec-
trical properties of striatal SPNs were
modulated by histamine by performing
whole-cell patch-clamp recordings of
SPNs at P3-P6, P9-P12, and P21-P35 in
combination with superfusion of hista-
mine (5 um). The concentration of hista-
mine was chosen based on previous
experimental data (Ellender et al, 2011)
(see Materials and Methods) and in ac-
cordance with previous studies (Jafri et
al., 1997; Brown and Haas, 1999; Atzori et
al., 2000; Doreulee et al., 2001; Yu et al,
2009; Ellender et al., 2011; Zhuang et al.,
2018), reporting a concentration-response
and IC5¢/ECs, values of ~2-3 um with
maximum effects seen at ~5 um. A com-
bination of criteria was used to verify that
recordings were made from SPNs (see
Materials and Methods) and likely con-
sisted of both D1 and D2 SPNs. Potential
changes in the electrical properties of
SPNs were measured by comparing the
first 5min in aCSF with the last 5min
after superfusion of histamine (5 um).
Histamine modulated the intrinsic electri-
cal properties of SPNs in complex ways
from the earliest postnatal days onwards;
at P3-P6, superfusion of histamine
mainly led to a significant decrease in the
input resistance (aCSF: 992.41 * 65.94
M) and histamine: 647.68 = 72.79 M(),
p=0.0002, paired ¢ test; n=13/5 mice;
Table 1; Fig. 3A), and a hyperpolarization
of the resting membrane potential (aCSF:
—70.44 = 0.08 mV and histamine: —74.47
* 0.08mV, p=0.0001, paired t test; Fig.
3A). Despite these changes, histamine
did not significantly modulate the fre-
quency of action potentials elicited by
injecting increasing amounts of positive
current (at 40 pA aCSF: 14.58 = 1.78 Hz
and histamine: 11.09 = 2.21 Hz, F(; 56 =
1.28, p = 0.26, two-way ANOVA; Fig.
3A). In contrast, in the second postnatal
week at P9-P12 as well as during later de-
velopmental periods, histamine superfu-
sion did not alter the input resistance of
the SPNs (P9-P12, aCSF: 397.1 = 23.34
M{) and histamine: 345.7 * 25.35 M(), p
= 0.06, paired t test; n=22/7 mice and
P21-P35, aCSF: 113.4 = 10.62 M{) and
histamine: 109.4 = 10.16 M), p=0.64,
paired t test; n=14/8 mice; Fig. 3B,C);
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and during these periods, hista-
mine superfusion now led to a sig-
nificant depolarization of SPNs
(P9-P12, aCSF: —71.61 * 0.14 mV
and histamine: —67.50 = 0.06 mV,
p=0.0001, paired t test; n=22/7
mice and P21-P35, aCSF: —70.99
* 0.21 mV and histamine: —65.96
* 0.15mV, p=0.0001, paired t
test; n=14/8 mice; Fig. 3C,D).
Notwithstanding the observed de-
polarization of SPNs, the fre-
quency of action potentials elicited
by injecting increasing amounts of
positive current was reduced at
both P9-P12 (aCSF: 13.14 =
4.05Hz and histamine: 9.07
2.99 Hz, F(y 155 = 20.09, p = 0.0001,
two-way ANOVA; Fig. 3C) and
P21-P35 (aCSF: 32.2 = 5.6 Hz and
histamine: 26.5 = 3.82Hz, F(y 110
=9.99, p=0.002, two-way ANOVA;
Fig. 3D). The reduction in action
potential frequency was concurrent
with an overall increase in thedura-
tion of the ISIs, which was particu-
larly prominent at P9-P12 (%
increase vs aCSF, P3-P6: 10.09 =
0.15%, p=0.15; P9-P12: 41.97 =
18.46%, p=0.02; and P21-P35:
8.71*+2.01%, p=0.59, paired ¢
test; Table 1). Last, histamine
modulated the membrane time
constant of developing striatal
SPNs and led to a shortening in
the duration of the membrane
time constant at P3-P6 (aCSF:
36.32*+1.56ms and histamine:
23.90 = 2.79 ms, p=0.0029, paired
t test; n=12/5 mice) and a minor
prolongation at P21-P35 (aCSF:
2.67 *= 0.16ms and histamine:
3.49*+0.37ms, p=0.008, paired
t test; n=16/8 mice; Table 1). We
did not find other histamine-medi-
ated changes in the intrinsic elec-
trical properties of striatal SPNs
(Table 1).

Together, these data show that
histamine can modulate the intrin-
sic electrical properties of develop-
ing striatal SPNs from the first
postnatal days onwards. Overall,
the main effect of histamine appears
to be to change the membrane
potential of SPNs in conjunction
with a general reduction in their
action potential output.

+

Histamine modulates excitatory
glutamatergic transmission at
developing corticostriatal synapses

We next considered whether histamine was able to modulate the
excitatory synaptic inputs to the developing striatum. Previously,
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Figure 2.

Dynamic changes in transcript levels of histamine receptors in the developing striatum. A, The striatum of both hemi-

spheres was dissected from acute brain slices of P3—P6, P9—P12, and P21-P35 (57BI/6 mice, and mRNA was extracted and processed
for qRT-PCR. B, Representative raw amplification curves from single qRT-PCR experiments for each developmental period. The house-
keeping gene 3-actin (gray gradient) appeared at a similar cycle (C;) throughout the different ranges, while the histamine receptor
amplification cycles changed across development. Note the leftward shift of the histamine H; receptor curve (blue) at P9—P12 and
P21-P35 while the H; (red) and H, (green) receptor amplification curves remain relatively constant. Note also the lack of a significant
amplification curve for the H, receptor (orange). qRT-PCR amplification curves obtained from the no-RT samples (bottom panels)
served as a control. C, Representative gel of RT-PCR products showing single bands at expected sizes for each of the transcripts in the
different developmental periods. Predicted band sizes are for the H; receptor: 175 bp; H, receptor: 88 bp; H receptor: 187 bp; H, re-
ceptor: 117 bp; and 3 -actin: 66 bp. D, Consistency of the 3 -actin cycle (C;) amplification values at the three developmental periods.
E, Transcript levels of the histamine receptors in the striatum. While the levels of transcripts for the H; and H, histamine receptors
remained relatively constant during postnatal development, the levels for H; receptor transcripts increased more than twofold by P9—
P12 and increased further by P21—P35. No significant transcript levels for the H, histamine receptor were detected. Values are mean
== SEM of three independent biological replicates, and each biological replicate consisted of three technical replicates (see Materials
and Methods). RFU, Relative fluorescence units. ns, non-significant, **p << 0.01; *p << 0.05; ANOVA.

it was shown that histamine could negatively modulate synaptic
transmission by acting at presynaptic H; histamine receptors in

adult mice (Doreulee et al., 2001;

Ellender et al., 2011), but

whether histamine modulates synaptic transmission at developing
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Table 1. Histaminergic modulation of intrinsic electrophysiological properties
of striatal SPNs across postnatal developmenta”

aCSF Histamine p
P3-P6
Resting membrane potential (mV) -70.73 £ 0.16 ~ -74.47 = 0.08  1.00E-06
Input resistance (M€2) 992.41 = 6594 647.68 = 72.79  2.22E-04
Membrane time constant (ms) 36.32 = 1.56 2390 £ 279 0.0029
Rheobase (pA) 26.92 = 2.56 3376 =548  0.26
Time to first spike (ms) 168.75 = 22.83  114.89 + 3557 0.36
Spike rate 50 pA (Hz) 16.92 = 1.67 1156 =206  0.16
Spike rate 40 pA (Hz) 14.58 = 1.78 11.09 £ 2.21 0.82
Spike rate 30 pA (Hz) 1.8 += 1.52 125176 099
Spike rate 20 pA (Hz) 10 = 1.29 9.68 =133  0.99
First ISI (ms) 46.72 = 4.72 51.65 =532 097
Second ISI (ms) 51.46 + 4.84 59.05 £ 427 090
Third ISI (ms) 53.22 = 2.95 55.03 =313 098
Fourth ISI (ms) 56.65 * 2.57 61.54 = 435 094
First spike amplitude (mV) 57.82 £ 3.74 6541 =257 023
Second spike amplitude (mV) 50.09 = 5.02 5331 £ 575 0.54
First spike duration (ms) 337 £0.20 3172019 088
Second spike duration (ms) 574 = 0.74 437 £021 0.6
P9-P12
Resting membrane potential (mV) -73.31 = 0.07  —67.35 £ 0.09  1.00E-04
Input resistance (m€2) 459.84 = 50.42  368.44 = 28.69 0.06
Membrane time constant (ms) 18.13 = 1.45 16.15 = 117 0.22
Rheobase (pA) 5227 =371 5450 = 489  0.77
Time to first spike (ms) 199.82 = 12.75 170.86 * 23.18 0.26
Spike rate 100 pA (Hz) 22.97 *= 1.66 16.97 £ 1.55  0.005
Spike rate 80 pA (Hz) 18.88 £ 1.90 13.68 = 142  0.02
Spike rate 60 pA (Hz) 15.33 £ 1.67 937 =122 0.01
Spike rate 40 pA (Hz) 85 =091 535056 099
First ISI (ms) 56.8 = 8.25 6043 =982 077
Second ISI (ms) 5262 * 6.61 65.66 = 8.41  0.72
Third ISI (ms) 4838 * 5.56 6133 = 4.08 042
Fourth ISI (ms) 41.96 = 2.73 59.29 = 473 0.03
First spike amplitude (mV) 68.53 = 3.15 65.19 £ 252 0.64
Second spike amplitude (mV) 63.77 = 3.21 5575 =317 0.4
First spike duration (ms) 25 *£0.19 23 £006 049
Second spike duration (ms) 335+ 0.28 3.04 2011 033
P21-P35
Resting membrane potential (mV) -70.99 = 0.21  —-65.96 = 0.15  1.00E-05
Input resistance (m€2) 113.44 = 10.62  109.38 = 10.15 0.64
Membrane time constant (ms) 2.67 = 0.16 349 =037  0.008
Rheobase (pA) 12871 £17.21 11230 = 19.09 030
Time to first spike (ms) 109.70 = 2112 7648 £ 1524 0.19
Spike rate 500 pA (Hz) 46.07 = 1.71 3471 £ 214 0.0015
Spike rate 400 pA (Hz) 425 %215 3336 = 1.97  0.01
Spike rate 300 pA (Hz) 35.53 = 2.80 2875 £248 021
Spike rate 200 pA (Hz) 2897 = 2.46 2239 £212 015
Spike rate 100 pA (Hz) 14.64 £ 2.09 1392 2210  0.99
First IS (ms) 17.67 £ 1.73 1792 £ 214 099
Second ISI (ms) 19.25 = 1.76 2397 =259 075
Third ISI (ms) 2131 = 1.49 29.72 =248 096
Fourth ISI (ms) 22.83 = 1.59 3274 £ 355 0.8
First spike amplitude (mV) 75.80 = 4.65 7521 £ 452 099
Second spike amplitude (mV) 66.28 = 4.37 59.86 = 439  0.94
First spike duration (ms) 1.81 = 0.12 1.69 = 0.08  0.96
Second spike duration (ms) 2.51 = 0.16 240 = 0.13 0.98

“Data are mean == SEM, statistical comparisons by Student’s ¢ test and ANOVA.

synapses also is unknown. We investigated the effect of histamine
on transmission at developing corticostriatal synapses in acute brain
slices kept in an interface chamber (Haas et al., 1979), at the inter-
face between aCSF and humidified carbogen gas, and corticostriatal
afferents were activated using a stimulating electrode placed in the
cortex (bordering the external capsule) with fEPSPs recorded with a
glass electrode placed in dorsal striatum (Fig. 4A). This recording
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configuration does not disturb the cytosolic components of SPNs
(Lahiri and Bevan, 2020), as synaptic events are recorded extracellu-
larly, and allows for stable and long duration recordings. Recorded
fEPSPs are a reflection of the summed synaptic activity occurring at
a large numbers of corticostriatal excitatory synapses, principally on
striatal SPNs with a likely similar contribution of both D1 and D2
SPNs (Malenka and Kocsis, 1988; Flagmeyer et al, 1997). All
recordings were performed in the presence of the GABA, receptor
antagonist SR95531 (gabazine; 200 nm) to minimize recruitment of
GABAergic afferents and facilitate isolation of glutamatergic affer-
ents. Indeed, evoked fEPSPs could be blocked by the addition of the
glutamatergic antagonists NBQX (40 um) and D-AP5 (50 um) to
the aCSF (to 9.24 = 8.76% of baseline amplitude; # = 5/3 mice; Fig.
4A). In these experiments, a slightly higher concentration of hista-
mine was used (10 um) to guarantee a sufficient concentration of
histamine under these recording conditions, with aCSF predomi-
nantly flowing underneath slices, as has also been used extensively
in previous studies (Jafri et al., 1997; Brown and Haas, 1999; Atzori
et al,, 2000; Doreulee et al,, 2001; Yu et al, 2009; Ellender et al,,
2011; Zhuang et al, 2018). Three main observations were made
during these experiments. First, we found that the properties of cor-
ticostriatal fEPSPs were dynamic and changed during early post-
natal development, similar to previous observations made from
single SPNs (Krajeski et al, 2019), and include a progressive
increase in amplitude and a reduction in the duration of evoked
fEPSPs (Table 2). Second, we found that histamine (10 xm) superfu-
sion rapidly decreased the amplitude of corticostriatal fEPSPs in all
developmental periods (normalized change in fEPSP amplitude,
P3-P6: to 87.95 = 4.57%; P9-P12: to 83.87 = 5.46%; and P21-P35:
to 83.29 * 4.04%: p=0.046, p=0.04,2 and p=0.009, respectively,
paired ¢ test; n=6/5 mice, 5/5 mice and 6/6 mice; Fig. 4B-D), and
continued to do so in brain slices from older animals also (P35+: to
76.66 = 7.76%, p=0.008; n=10/5 mice). Other properties of the
fEPSPs were found to be unaffected by histamine superfusion
(Table 3). Such reductions in fEPSP amplitude were not observed
during control experiments consisting of continued superfusion
with aCSF (normalized change in fEPSP amplitude, P3-P6: to
100.82 £ 2.22%; P9-P12: to 100.38 = 1.48%; and P21-P35: to
103.93 * 1.60%: p = 1.000, p=0.715 and p = 0.109, Wilcoxon Signed
Rank Test; n =4/4 mice; n=4/3 mice, and n = 3/3 mice; Fig. 4B-D).
Last, to investigate at which receptors histamine might be acting, we
superfused histamine together with the H; receptor antagonist thio-
peramide, as histamine had previously been shown to regulate corti-
costriatal transmission through Hj histamine receptors in adult
mice (Doreulee et al., 2001; Ellender et al., 2011). The potent and
selective Hj receptor antagonist thioperamide acts in the nm range
in cell-based assays (Arrang et al, 1987, 1995; Hew et al,, 1990;
Morisset et al., 2000; Molina-Hernandez et al., 2001; Gbahou et al.,
2006), in the um range in brain slices studies (Arias-Montano et al.,
2001) and does not produce expected behavioral effects in H; recep-
tor KO mice (Toyota et al, 2002); and for the reasons outlined
above, a moderately high concentration of thioperamide (10 um)
was used to guarantee a sufficient concentration at slices under
these recording conditions. These experiments revealed that, similar
to observations in adult mice (Doreulee et al., 2001; Ellender et al.,
2011), the reduction in fEPSP amplitude was not seen when hista-
mine was superfused together with thioperamide (normalized
change in fEPSP amplitude, P3-P6: to 95.19 = 2.44%; P9-P12: to
100.39 £ 2.17%; and P21-P35: to 99.97 = 3.70%: p=0.096, p =
0.862, and p=0.993, respectively, paired ¢ test; n="7/2 mice, 8/3
mice and 5/2 mice; Fig. 4B-D).

In conclusion, these results show that histamine is already
able to modulate corticostriatal synaptic transmission from the
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Figure 3.

Histamine modulates the intrinsic electrical properties of developing striatal SPNs. A, The intrinsic electrical properties of developing SPNs were examined by performing whole-cell

patch-clamp recordings in acute brain slices from P3—-P6, P9—P12, and P21-P35 (57BI/6 mice. B, At P3—P6, histamine superfusion lowered the input resistance (left) and led to a hyperpolar-
ization of SPNs (middle). The action potential frequency of SPNs induced by positive current injection was unaffected (right). €, At P9-P12, histamine did not affect the input resistance but
now led to a depolarization of SPNs and significantly decreased their action potential frequency. Little to no depolarization was observed in the absence of histamine superfusion (aCSF only;
middle) during prolonged recordings from SPNs (1-5 min: —71.84 = 0.50 mV; and 20-25 min: —70.80 == 0.80 mV, p =0.058, paired t test; n=7/3). D, At P21-P35, histamine superfusion
did not change the input resistance but led to a depolarization of SPNs and a significant decrease in action potential frequency. The indication of “histamine” refers to start of superfusion.
Values are mean = SEM for all datasets. Statistical p values are provided in Table 1. ns, non-significant, ***p << 0.001; **p << 0.01; *p << 0.05; ANOVA and paired t test.

first postnatal days onwards and does so by acting at Hj hista-
mine receptors.

Histamine controls the induction of long-term synaptic
plasticity at developing corticostriatal synapses

So far, our data show that the developing striatum receives hista-
minergic afferents and expresses functional histamine receptors,
with superfusion of histamine acutely modulating the functional

properties of developing striatal circuits. Alongside acute effects
on neurons and circuits, we next asked whether histamine might
also effect longer-term changes at striatal synapses, resulting in
more persistent alterations in corticostriatal circuits. Two ques-
tions were next considered: (1) Do corticostriatal synapses ex-
hibit long-term synaptic plasticity during the first weeks of
postnatal development? (2) Is the induction of long-term synap-
tic plasticity during this period modulated by histamine? A
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Histamine negatively modulates corticostriatal transmission during early postnatal periods. A, Acute coronal brain slices were made from C57BI/6 mice at the indicated age ranges

and slices kept in an interface recording chamber. Cortical afferents were stimulated electrically and corticostriatal fEPSPs recorded with a glass electrode placed in dorsal striatum. Evoked
fEPSPs could be blocked by the addition of the glutamatergic antagonists NBQX (20 rm) and D-AP5 (50 g, right). B, Left, At P3—P6, superfusion of histamine (10 wm) significantly reduced
the peak amplitude of the evoked corticostriatal fEPSPs (top, two example fEPSP traces corresponding to time points indicated in the graph). Middle, The addition of the H; receptor antagonist
thioperamide (10 zum) to the aCSF blocked the histamine-mediated reduction in corticostriatal fEPSP amplitude. Right, Bar plots represent the effect of superfusion of histamine, histamine to-
gether with thioperamide, or aCSF-only on the corticostriatal fEPSP amplitude. Plotted values are normalized means of the first 5 min of recording for baseline versus the last 5 min of record-
ings. At both P9-P12 (€) and at P21-P35 (D), superfusion of histamine also led to a significant reduction in the amplitude of the corticostriatal fEPSP, which was also blocked by coapplication
of the H; receptor antagonist thioperamide and did not exhibit changes in aCSF-only controls. The indication of “histamine” refers to start of superfusion, which precedes histamine being pres-
ent at the slice. ns, non-significant, **p << 0.01; *p << 0.05; paired ¢ test and Wilcoxon signed rank test.

Table 2. Dynamic changes in the properties of corticostriatal fEPSP properties

across postnatal developmenta’

number of studies have shown that mature corticostriatal synap-

ses can undergo activity-dependent prolonged changes in synap-

tic strength using a variety of protocols (Fino et al, 2005;

P3-P6 P9-P12 P21-P35
fEPSP amplitude (mV) 0.65 = 0.1 0.80 = 0.10 1.63 * 0.27
fEPSP duration (ms) 143.19 £ 19.26 14835 = 1586  98.20 = 24.93
fEPSP rise time (ms) 11.08 = 4.05 9.82 £ 284  10.60 £ 3.45
fEPSP decay time (ms) 13822 = 1672 13853 = 13.10  87.60 = 21.62
Short-term plasticity (2 vs 1) 142 = 0.13 1.01 £ 0.18 1.02 = 0.07
Short-term plasticity (3 vs 1) 1.49 = 0.15 0.97 = 0.21 0.91 = 0.08
Short-term plasticity (4 vs 1) 141 = 0.24 0.93 + 0.23 0.86 = 0.10
Short-term plasticity (5 vs 1) 137 £ 028 0.95 = 0.25 0.84 = 0.11
Short-term plasticity (6 vs 1) 141 =028 0.96 = 0.28 0.84 = 0.12

“Data are mean + SEM.

Kreitzer and Malenka, 2008; Kozorovitskiy et al., 2012; Fisher et
al., 2017). We next investigated whether developing corticostria-
tal synapses exhibit long-term synaptic plasticity using two dif-
ferent stimulation patterns, consisting of a series of brief bursts
at either 10 or 50 Hz (see Materials and Methods). As these brief
bursts were repeated with 200ms intervals (i.e., at theta fre-
quency), such stimulation patterns are often referred to as TBS
(Larson et al., 1986). TBS has been shown to be particularly effec-
tive at inducing long-term changes in synaptic strength at adult
corticostriatal synapses (Hawes et al., 2013), reflecting activity
patterns observed during naturalistic behavior (Tort et al., 2008),
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Table 3. Histaminergic modulation of corticostriatal fEPSP properties across
postnatal development”

aCSF Histamine p

P3-P6

fEPSP amplitude (mV) 0.41 = 0.10 0.34 = 0.07 0.56

fEPSP duration (ms) 241.58 *+ 39.55 247.41 = 35.16 0.92
fEPSP rise time (ms) 30.02 = 9.17 30.68 * 8.59 0.94
fEPSP decay time (ms) 211.55 = 30.99 216.74 = 27.77 0.92
Short-term plasticity (2 vs 1) 148 = 0.18 1.74 =030 0.48
Short-term plasticity (3 vs 1) 1.55 = 0.20 1.89 = 037 0.44
Short-term plasticity (4 vs 1) 147 =033 1.86 = 0.48 0.52
Short-term plasticity (5 vs 1) 148 = 0.38 1.84 = 0.52 0.58
Short-term plasticity (6 vs 1) 1.52 = 0.38 1.98 * 0.59 0.53
P9-P12
fEPSP amplitude (mV) 0.62 = 0.15 0.50 = 0.08 0.47
fEPSP duration (ms) 224.74 * 48.24 225.52 = 55.01 0.99
fEPSP rise time (ms) 2422 = 9.89 26.57 = 10.9%4 0.88
fEPSP decay time (ms) 200.52 = 38.41 198.96 = 44.26 0.98
Short-term plasticity (2 vs 1) 1.01 = 0.18 1.03 = 0.12 0.93
Short-term plasticity (3 vs 1) 0.97 = 0.21 0.91 = 0.15 0.82
Short-term plasticity (4 vs 1) 0.93 = 0.23 0.86 = 0.20 0.83
Short-term plasticity (5 vs 1) 0.95 = 0.25 0.87 = 0.19 0.82
Short-term plasticity (6 vs 1) 0.96 = 0.28 0.89 = 0.21 0.83
P21-P35
fEPSP amplitude (mV) 1.74 = 0.75 1.50 = 0.65 0.81
fEPSP duration (ms) 196.93 = 58.46 188.62 = 51.16 0.92
fEPSP rise time (ms) 18.56 = 8.9 19.50 = 9.22 0.94
fEPSP decay time (ms) 178.37 = 49.69 169.12 = 42.80 0.89
Short-term plasticity (2 vs 1) 0.92 = 0.05 1.19 £ 0.21 0.26
Short-term plasticity (3 vs 1) 0.79 % 0.07 1.15 £ 0.25 0.20
Short-term plasticity (4 vs 1) 0.71 £ 0.09 1.07 = 0.21 0.17
Short-term plasticity (5 vs 1) 0.70 = 0.08 0.97 = 0.17 0.20
Short-term plasticity (6 vs 1) 0.67 = 0.08 1.03 = 0.20 0.14

“Data are mean = SEM; statistical comparisons by Mann—-Whitney U test.

and 10or 50 Hz frequencies of activity reflecting physiological
activity patterns found in the young developing brain (Khazipov
et al,, 2004; Hanganu et al., 2006; Yang et al., 2009). Slices were
kept at interface conditions as previously in the presence of the
GABA, receptor antagonist SR95531 (200 nm), and cortical
afferents were stimulated with a glass or bipolar stimulation elec-
trode with fEPSP recordings made from a recording electrode
placed in dorsal striatum (Fig. 5A). Although we observed brief
post-tetanic potentiation, we find, at P3-P6, neither 10 Hz nor
50 Hz TBS stimulation resulted in long-term changes in synaptic
efficacy (aCSF 10Hz: 104.41 * 6.22% and 50Hz: 10649 =
7.46%, p=0.51 and p =0.42, paired f test, both n=6/6 mice; Fig.
5B), and this was not altered by the presence of histamine in the
recording aCSF (histamine 10Hz: 96.25 *+ 4.04% and 50 Hz:
100.20 = 7.47%, p=0.41 and p=0.98, paired ¢ test, both n=5/5
mice; Fig. 5B). To confirm stability of fEPSP recordings, we also
recorded the amplitude of fEPSPs for similar duration without
TBS and found that fEPSP amplitudes stay constant over time
(first 5min: 100.1 = 0.05% and last 5min: 101.30 = 1.10%,
p=0.27, paired  test; n = 11/10 mice of all age ranges; Fig. 5C).
Similarly, in the second postnatal week, both 10and 50 Hz
TBS stimulation did not result in significant changes in synaptic
strength in aCSF (aCSF 10Hz: 106.01 =4.19% and 50Hz:
105.74 + 10.29%, p=0.19 and p = 0.59, paired t test; n=9/8 mice
and 11/10 mice; Fig. 5D). However, in this developmental period,
the presence of histamine in the recording aCSF now led to the
induction of a persistent LTP of synaptic efficacy using 50 Hz,
but not 10 Hz, TBS stimulation (histamine 10 Hz: 94.31 * 5.48%,
vs pre-TBS p=0.36, paired t test; n=5/5 mice, and 50 Hz:
137.37 = 11.65%, vs pre-TBS p=0.0034, paired ¢ test; n=9/5
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mice; Fig. 5D). We next investigated which receptors were re-
sponsible for the observed changes in synaptic strength and
hypothesized that the Hj; receptor, which exhibited a rapid
increase in expression at P9-P12, might play a role in the
observed synaptic plasticity. Indeed, the LTP revealed in the
presence of histamine at P9-P12 was blocked by the addition of
the Hj receptor antagonist thioperamide (10 um) (50 Hz: 98.99
* 15.12%, histamine vs histamine+thioperamide p = 0.048,
independent ¢ test; n=9/5 mice and n=6/2 mice; Fig. 5D).
Furthermore, the observed synaptic potentiation at P9-P12 in
the presence of histamine was also blocked by the NMDA recep-
tor antagonist D-AP5 (50 um) (50 Hz: 62.51 = 17.45%, histamine
vs histamine+D-AP5 p =0.0031, independent  test; n = 9/5 mice
and n=5/2 mice; Fig. 5D).

Finally, in slices taken at P21-P35, 10 Hz TBS stimulation did
not lead to changes in synaptic strength similar to all other age
ranges (aCSF 10Hz: 106.91 =2.30% and histamine 10Hz:
109.67 * 15.38%, vs pre-TBS p=0.071 and p =0.54, paired ¢ test;
n=4/4 mice and n = 6/6 mice; Fig. 5E). However, at this develop-
mental period, 50 Hz TBS stimulation reliably led to the induc-
tion of LTP of the fEPSP amplitude in standard recording aCSF
(aCSF 50 Hz: 146.57 = 12.97%, vs pre-TBS p=0.0071, paired ¢
test; n=5/5 mice; Fig. 5E); and instead of facilitating potentia-
tion, now the presence of histamine in the aCSF blocked the
induction of LTP (histamine 50 Hz: 109.01 % 10.28%, vs pre-TBS
p=0.30, paired f test; n=4/4 mice; Fig. 5E). Similar effects were
seen in slices from older animals (P35+) also where 50 Hz TBS
led to potentiation (aCSF 50 Hz: 131.41 = 14.97%, vs pre-TBS
p=0.025, paired ¢ test; n=4/4 mice), which was blocked by the
addition of histamine to the aCSF (histamine 50 Hz: 106.33 =
3.51%, vs pre-TBS p=0.15, paired ¢ test; n=3/3 mice). The LTP
at P21-P35 observed in aCSF after 50 Hz TBS was blocked by the
addition of the NMDA receptor antagonist D-AP5 (50 um) to
the recording aCSF (97.61 = 7.39%, aCSF vs aCSF+D-AP5:
p=0.0036, paired t test; n =5/5 mice and n =10/5 mice; Fig. 5E),
and the addition of the Hj receptor antagonist thioperamide
(10 um) to aCSF-containing histamine could rescue the LTP
(130.86 £ 8.60%, vs pre-TBS p=0.0025, paired ¢ test; n=9/3
mice; Fig. 5E).

In conclusion, we find that TBS stimulation at both 10and
50 Hz frequency did not lead to plastic changes at corticostriatal
synapses in the first postnatal week. However, in the second
postnatal week, brief bursts of activity at 50 Hz are able to induce
a long-term increase in the synaptic strength of corticostriatal
synapses, but only in the presence of histamine and dependent
on both Hj histamine receptors and NMDA receptors. In con-
trast, in the fourth postnatal week, older brief bursts of activity at
50 Hz reliably induced long-term increases in synaptic efficacy;
but during this period, this is blocked by the addition of hista-
mine and also dependent on Hj histamine receptors and NMDA
receptors.

Discussion

The findings of the present study demonstrate that the mouse
striatum receives histaminergic innervation and contains tran-
scripts for the H;, H,, and Hj histamine receptors from the first
postnatal weeks onwards. These receptors are functional as
superfusion of histamine has acute effects on both the intrinsic
electrical properties of striatal SPNs, as well as on excitatory
transmission at corticostriatal synapses. First, we find that hista-
mine modulates diverse electrical characteristics of SPNs, but
during the latter stages of postnatal development mainly leads to
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Figure 5.  Histamine acting at H; receptors has opposing effects on the induction of corticostriatal synaptic plasticity depending on developmental age. A, Diagram of the recording configura-
tion consisting of coronal brain sections kept at interface conditions. Electrical stimulation in the cortex generated fEPSPs as recorded with a glass electrode placed in dorsal striatum. Stable
measurements of corticostriatal fEPSP amplitude were followed by brief bursts of TBS stimulation, at either 10 or 50 Hz frequency, followed by continued measurements of corticostriatal fEPSP
amplitude. B, At P3—P6, TBS at 10 Hz (left) or 50 Hz (right) did not result in significant changes in the amplitude of corticostriatal fEPSPs, nor was this modified in the presence of histamine
(10 um). €, Corticostriatal fEPSP amplitude was stable and constant during recording periods in the absence of TBS. D, At P9—P12, 10 Hz (left) or 50 Hz (middle) TBS did not lead to significant
changes in the amplitude of corticostriatal fEPSPs in normal aCSF, but the presence of histamine facilitated the induction of LTP after 50 Hz TBS (red trace, middle, aCSF vs aCSF+histamine,
p=0.029, independent ¢ test; n=11/10 and 9/5 mice). The LTP induced by 50 Hz TBS was not observed with histamine in combination with the H; receptor antagonist thioperamide (blue
trace, right, 98.99 = 15.12%, vs pre-TBS, p = 0.95, paired  test, 6/2 mice) or the NMDA receptor antagonist D-AP5 (black trace, right, 62.51 == 17.45%, vs pre-TBS, p = 0.064, paired t test,
5/2 mice). E, At P21-P35, TBS at 10 Hz did not lead to long-term changes in the fEPSP amplitude in aCSF or aCSF-containing histamine (left). In contrast, 50 Hz TBS produces robust potentia-
tion of the fEPSP amplitude in normal aCSF (gray trace, middle), which was reduced in the presence of histamine (red trace, middle, aCSF vs aCSF+ histamine, p = 0.047, independent ¢ test;
n=>5/5 and 4/4 mice). The synaptic plasticity observed after 50 Hz TBS in aCSF was blocked by the addition of the NMDA receptor antagonist D-AP5 (dark gray trace, right, vs pre-TBS,
p=10.75, paired ¢ test; n=10/5 mice), and the induction of LTP could be partly rescue by the addition of the H; receptor antagonist thioperamide (blue trace, right, aCSF+histamine vs hista-
mine -+ thioperamide, p = 0.17, independent ¢ test; n=4/4 and 9/3 mice). ns, non-significant, **p << 0.01; *p << 0.05; paired and independent ¢ test.

their depolarization and an overall reduction in their action The striatum is the main input nucleus of the basal ganglia

potential output. Second, histamine is able to negatively modu-
late corticostriatal transmission by acting at Hj receptors, and it
does this at all developmental ages studied. Importantly, we find
that histamine is able to control longer-term changes at cortico-
striatal synapses, as it facilitates the induction of NMDA recep-
tor-dependent long-term synaptic plasticity during the second
postnatal week, but inhibits the induction of long-term synaptic
plasticity at later developmental stages, with both processes de-
pendent on Hj histamine receptors. Together, these results dem-
onstrate that histamine is an active neuromodulator during early
striatal development, and suggests that alterations in the levels
of histamine can significantly affect developing corticostriatal
circuits.

and in adulthood is innervated by neuromodulator-containing
afferents, such as dopamine (Surmeier et al.,, 2011), serotonin
(Steinbusch, 1981), noradrenaline (Aston-Jones and Bloom,
1981), and histamine (Haas and Panula, 2003). Here we corrobo-
rate previous observations (Auvinen and Panula, 1988; Panula et
al., 2014) that histamine-containing afferents are found in the
striatum from the second postnatal week onwards, with little to
no detectable innervation during earlier periods, suggesting that
afferents are still maturing and have not yet reached dorsal stria-
tum, in contrast to dopaminergic afferents (Specht et al., 1981).
Overall, the density of histaminergic afferents is low at all devel-
opmental periods studied, which together with the observation
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that varicosities only infrequently make synapses in adulthood
(Takagi et al., 1986), suggests that histamine might diffuse far
and act at a distance from its release sites. Indeed, although low-
affinity organic cation transporters likely play a role in the uptake
of histamine (Amphoux et al., 2006), to date no specific hista-
mine transporter or uptake mechanism has been described in the
mammalian CNS, but see in Drosophila (Borycz et al., 2002;
Chaturvedi et al., 2014; Stenesen et al., 2015; Xu et al,, 2015),
which suggests that histamine might be degraded in the extracel-
lular space (Schwartz et al., 1991; Haas and Panula, 2003) with a
possible half-life ranging in minutes (Schwartz et al, 1991).
Interestingly, we found transcripts for all the three major hista-
mine receptors (H;, H,, and Hj) in the striatum from the first
postnatal days onwards, extending on previous in situ work dem-
onstrating early expression of histamine receptors in the brain
(Kinnunen et al., 1998; Heron et al., 2001; Karlstedt et al., 2001),
and suggesting that released histamine could act at these recep-
tors from birth regulating many developmental processes.
Although the expression levels of the H; and H, receptors
remain comparatively constant, the H; receptor exhibited a rapid
developmental increase, suggesting an increased ability of hista-
mine in modulating Hj receptor-dependent processes (Haas and
Panula, 2003), including, for example, the synaptic plasticity
found in this study and discussed further below. Last, although
the extent to which the H, histamine receptor is expressed in the
CNS is debated (Schneider and Seifert, 2016), we did not find
evidence for striatal expression of these receptors as transcripts
at any of the developmental age ranges studied.

To investigate whether histamine modulates developing stria-
tal neurons and synapses, two different electrophysiological
approaches were used. First, we performed whole-cell patch-
clamp recordings of developing striatal SPNs in combination
with histamine superfusion and observed many and diverse
modulatory effects on their intrinsic electrical properties. In the
first postnatal week, histamine superfusion led to a significant
reduction in input resistance, together with a pronounced hyper-
polarization, suggestive of activation of potassium leak currents
(Nisenbaum et al., 1996; Weiger et al., 1997; Shen et al., 2007).
Similar hyperpolarization has been observed in thalamic neurons
and was dependent on activity at H; receptors (Sittig and
Davidowa, 2001). In the second postnatal week and later, we do
not observe changes in input resistance, possible through devel-
opmental changes in ion channel expression (Tepper et al.,
1998), and instead find that histamine leads to a pronounced
depolarization of SPNs (Haas and Konnerth, 1983; Ellender et
al,, 2011). Indeed, developmental changes in ion channel expres-
sion also likely underpin our observations of a progressively
decreasing input resistance and membrane time constant across
the age ranges studied, which will affect the temporal responsive-
ness and precision to synaptic inputs of SPNs. The histamine-
mediated depolarization of striatal neurons was also observed in
other studies and relied on activity at H, receptors (Ellender et
al,, 2011), or a combination of H; and H, receptors (Munakata
and Akaike, 1994; Zhuang et al., 2018). Contrary to expectations,
the histamine-induced depolarized state did not lead to an
increase in action potential frequency on positive current injec-
tions, which instead were significantly lowered. Similar decreases
in action potential frequency have been observed in cortical
interneurons and were a reflection of histamine modulating
Kv3.2-containing K* channels (Atzori et al., 2000), but the over-
all low rates of action potential firing of striatal SPNs suggest
modulation through other channels mediating a prolongation of
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ISIs (Nisenbaum et al., 1994; Baranauskas et al., 2003; Shen et al.,
2004, 2005). A recent elegant study demonstrated that whole-cell
recordings of SPNs can lead to significant dialysis of cytosolic
components altering their intrinsic firing properties and critically
affecting their response to dopaminergic signaling (Lahiri and
Bevan, 2020). Interestingly, clear postsynaptic effects of hista-
mine were seen in our whole-cell patch-clamp configurations at
all age ranges studied, which might have resulted from use of
high-resistance pipettes, although the variance in responses
could have resulted from our recording configuration. Indeed,
perforated patch clamp would be the ideal recording configu-
ration when studying G-protein-coupled receptor physiology,
especially during recordings of longer duration, and concerns
about dialysis of cytosolic components was one of the reasons
to opt for fEPSP recordings for the long-term plasticity
experiments.

Our second electrophysiological approach consisted of field
recordings in acute brain slices to investigate the effect of hista-
mine on cortically evoked glutamatergic transmission in the
striatum. Histamine was able to negatively modulate the ampli-
tude of the cortically evoked fEPSP from the first postnatal days
onwards, which was dependent on Hj; receptors. Thus, the ability
of histamine to modulate corticostriatal synapses (Doreulee et
al,, 2001; Ellender et al,, 2011) is already established during the
first postnatal days, and the rapid increase in expression of the
Hj; histamine receptor is likely a reflection of both an increase in
the number of striatal synapses and the ability of histamine to
modulate these synapses (Ellender et al., 2011). It is important to
note that further changes in the physiological function of hista-
mine might occur beyond the age ranges investigated here.
Indeed, precedent can be found in both the neuromodulators do-
pamine and acetylcholine (Teicher et al., 1995; Lieberman et al.,
2018; McGuirt et al., 2020), where continued dynamic changes
in their function are observed at 120d. Last, the use of field
recordings masks possible differential effects of histamine on the
two populations of striatal SPNs: the D1-expressing direct path-
way SPNs and the D2-expressing indirect pathway SPNs (Day et
al., 2008; Gertler et al., 2008). Although we cannot exclude that
histamine might affect these two populations differentially dur-
ing particular periods of development, previous work in more
mature striatal SPNs would suggest that histamine affects both
SPNs in similar ways. Indeed, they have been shown to both
depolarize in response to histamine acting at H; and/or H,
receptors (Ellender et al,, 2011; Zhuang et al., 2018), with a simi-
lar ICsy (Zhuang et al., 2018), both cortical and thalamic excita-
tory glutamatergic synaptic transmission are equally depressed
by histamine acting at presynaptic Hj receptors (Ellender et al.,
2011; Zhuang et al., 2018), qRT-PCR experiments revealed com-
parable levels of expression of transcripts for the H; and H,
receptors in D1 and D2 SPNs (Zhuang et al., 2018) and both D1
and D2 SPNs express Hj; receptors (Ryu et al., 1994; Pillot et al,,
2002). These results support the idea that, at least at more mature
stages, both presynaptic and postsynaptic sites at D1 and D2
SPNs express a complement of receptors to similarly respond to
histamine.

The first postnatal weeks in the striatum are defined by a
rapid increase in the number and strength of excitatory synaptic
connections (Tepper et al., 1998; Kozorovitskiy et al., 2012;
Peixoto et al., 2016, 2019; Krajeski et al., 2019). It has been shown
that neural activity is critical in the establishment of these synap-
tic connections (Kozorovitskiy et al, 2012) and this likely
involves a form of synaptic plasticity (Calabresi et al., 1992;
Kreitzer and Malenka, 2008), but the exact rules that govern
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these processes at early periods of postnatal development are
unknown. We explored the ability of brief bursts of cortical activ-
ity, mimicking naturalistic neural activity patterns (Khazipov et
al., 2004; Hanganu et al., 2006; Yang et al., 2009), to induce long-
term changes in the strength of developing corticostriatal synap-
ses. We discovered that corticostriatal synapses exhibited
NMDA receptor-dependent synaptic plasticity from the second
postnatal week onwards induced by brief 50 Hz bursts of activity.
Such NMDA receptor-dependent synaptic plasticity has also
been observed with sustained higher-frequency stimulation at
later stages of striatal development (Partridge et al, 2000).
Interestingly, this form of synaptic plasticity at corticostriatal
synapses was enabled by histamine at P9-P12, possibly in part
through the histamine-mediated dendritic depolarization and a
facilitated release of the NMDA receptor Mg " block (Calabresi
et al, 1992), and inhibited by histamine at older ages. Un-
expectedly, both processes were dependent on Hj; histamine
receptors. Whereas classically the H; receptor is thought to regu-
late Gy/, pathways leading to reduced levels of cAMP and PKA
(Haas and Panula, 2003), there is evidence to suggest that in
adulthood alternative isoforms of Hj receptors exist, which are
each differentially coupled to other intracellular pathways (e.g.,
MAPK pathways) (Drutel et al., 2001; Nieto-Alamilla et al., 2016;
Rapanelli et al., 2016). This, in combination with observations of
the existence of H; heteromeric channels with other G-protein-
coupled receptors (Ferrada et al., 2009; Moreno et al., 2011;
Mirquez-Gomez et al., 2018), suggests a great complexity by
which histamine acting at H; receptors can signal to neurons
and might explain the opposing effects of histamine on the
observed synaptic plasticity depending on the developmental pe-
riod studied. Indeed, H; receptors can form heteromers with D1
and D2 dopamine receptors, as well as A2A adenosine receptors,
at least in isolated cellular systems (Ferrada et al., 2008; Moreno
et al.,, 2011; Marquez-Gomez et al., 2018), which can result in
complex and difficult to predict interactions and responses to
histamine, dopamine, and adenosine in the D1 direct pathway
SPNs and the D2 indirect pathway SPNs, not least as H; nonca-
nonical pathways (MAPK and GSK3p3) also differ between D1
and D2 SPNs (Rapanelli et al,, 2016), and these together might
affect processes, such as long-term plasticity (Shen et al., 2008).
Furthermore, despite careful placement of stimulating electrodes
and use of low levels of stimulation, we cannot exclude the possi-
bility of indirect recruitment of cholinergic interneurons and
dopaminergic afferents with potential interactions between neu-
romodulators affecting the parameters investigated (Sulzer et al.,
2016; Condon et al., 2019). Last, we cannot exclude the possibil-
ity that histamine might also have some action directly at
NMDA receptors (Brown et al., 1995; Haas and Panula, 2003).

In conclusion, our results show that histamine is an active
neuromodulator during early postnatal development and exhib-
its many actions at both striatal SPNs and striatal synapses. Our
results are in line with observations regarding other neuromodu-
lators and brain development, such as serotonin (Gaspar et al.,
2003), acetylcholine (Role and Berg, 1996), and dopamine
(Kozorovitskiy et al., 2015; Lieberman et al, 2018), and can
provide insight into the possible etiology of neurodevelopmen-
tal disorders resulting from changes in brain histamine levels.
Importantly, our results show that histamine is key in gating
synaptic plasticity at developing corticostriatal synapses at an
early critical period when synapses are actively remodeling
(Tepper et al., 1998; Kozorovitskiy et al., 2015; Peixoto et al.,
2016, 2019; Mowery et al., 2017; Krajeski et al., 2019), and this
period seems to precede later critical periods important for
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modulation of the intrinsic electrical properties of SPNs
(Lieberman et al., 2018).
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