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P2X4 receptors are ATP-gated cation channels that are widely expressed in the nervous system. To identify P2X4 receptor-expressing
cells, we generated BAC transgenic mice expressing tdTomato under the control of the P2X4 receptor gene (P2rx4). We found sparse
populations of tdTomato-positive neurons in most brain areas with patterns that matched P2X4 mRNA distribution. tdTomato expres-
sion within microglia was low but was increased by an experimental manipulation that triggered microglial activation. We found
surprisingly high tdTomato expression in the hypothalamic arcuate nucleus (Arc) (i.e., within parts of the neural circuitry controlling
feeding). Immunohistochemistry and genetic crosses of P2rx4 tdTomato mice with cell-specific GFP reporter lines showed that the
tdTomato-expressing cells were mainly AgRP-NPY neurons and tanycytes. There was no electrophysiological evidence for functional
expression of P2X4 receptors on AgRP-NPY neuron somata, but instead, we found clear evidence for functional presynaptic P2X4
receptor-mediated responses in terminals of AgRP-NPY neurons onto two of their postsynaptic targets (Arc POMC and paraventricular
nucleus neurons), where ATP dramatically facilitated GABA release. The presynaptic responses onto POMC neurons, and the expression
of tdTomato in AgRP-NPY neurons and tanycytes, were significantly decreased by food deprivation in male mice in a manner that was
partially reversed by the satiety-related peptide leptin. Overall, we provide well-characterized tdTomato reporter mice to study P2X4-
expressing cells in the brain, new insights on feeding-related regulation of presynaptic P2X4 receptor responses, and the rationale to
explore extracellular ATP signaling in the control of feeding behaviors.
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Introduction
Extracellular ATP functions as a signaling molecule in the nervous
system by activating plasma membrane P2X and P2Y receptors

(Burnstock, 1972; Khakh and North, 2006). P2X receptors are ATP-
gated cation channels comprising seven subunits (P2X1-P2X7), six
homomeric receptors, and several heteromeric assemblies (Khakh et
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Significance Statement

Cells expressing ATP-gated P2X4 receptors have proven problematic to identify and study in brain slice preparations because
P2X4 expression is sparse. To address this limitation, we generated and characterized BAC transgenic P2rx4 tdTomato reporter
mice. We report the distribution of tdTomato-expressing cells throughout the brain and particularly strong expression in the
hypothalamic arcuate nucleus. Together, our studies provide a new, well-characterized tool with which to study P2X4 receptor-
expressing cells. The electrophysiological studies enabled by this mouse suggest previously unanticipated roles for ATP and P2X4
receptors in the neural circuitry controlling feeding.
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al., 2001; North, 2002). We focused on P2X4, which was cloned
�20 years ago (Bo et al., 1995; Buell et al., 1996; Séguéla et al.,
1996; Soto et al., 1996; Wang et al., 1996). Important progress has
been made in understanding how P2X4 receptors work (Gonza-
les et al., 2009; Kawate et al., 2009; Coddou et al., 2011; Hattori
and Gouaux, 2012; Jiang et al., 2013; Samways et al., 2014; Hab-
ermacher et al., 2016), but less is known about their expression
and functions in the brain.

P2X4 receptors are expressed on the cell surface and also
within acidic intracellular organelles (Bobanović et al., 2002;
Royle et al., 2002, 2005; Bowler et al., 2003; Royle and Murrell-
Lagnado, 2003; Qureshi et al., 2007; Murrell-Lagnado and
Qureshi, 2008; Stokes and Surprenant, 2009; Toulme et al., 2010;
Miklavc et al., 2011). Important roles for P2X4 receptors are
emerging in a variety of pathophysiological processes. For exam-
ple, P2X4 receptors are upregulated in microglia following neu-
ropathic pain and epilepsy (Tsuda et al., 2003; Coull et al., 2005;
Ulmann et al., 2013). They are also implicated in inflammatory
pain (Ulmann et al., 2010), lung surfactant secretion (Miklavc et
al., 2011), alcohol intake (Wyatt et al., 2014), alcohol preference
(Ostrovskaya et al., 2011; Yardley et al., 2012), morphine-
induced hyperalgesia (Ferrini et al., 2013), cardiac function
(Yang et al., 2004), and neurodevelopmental disorders (Bortolato
et al., 2013; Wyatt et al., 2013). These diverse roles for P2X4
receptors likely reflect their distribution in several brain regions
and other organs, which was first reported by in situ hybridiza-
tion studies (Buell et al., 1996). However, identifying native P2X4
receptor responses within intact preparations, such as brain
slices, has proven extremely challenging. First, there are no selec-
tive P2X4 receptor agonists or antagonists for use in rodents,
making it difficult to pinpoint P2X4 receptor-expressing cells
based on function (Ase et al., 2015). Moreover, although iver-
mectin is a potent allosteric regulator of P2X4 receptors (Khakh
et al., 1999), it has actions at other receptors (Zemková et al.,
2014) that limit its usefulness as a selective P2X4 receptor probe
in multicellular preparations. Second, despite �15 years of work,
all of the available and reported P2X4 receptor antibodies target
intracellular epitopes. They are also of questionable specificity;
they are thus of little or no utility in live tissues. Third, brain cells
expressing P2X4 receptors are expected to be sparse, making it
problematic to achieve targeted electrophysiological recordings
(Buell et al., 1996; Collo et al., 1996; Lê et al., 1998; Lein et al.,
2007). These issues have markedly limited exploration of P2X4
receptor function in brain slices.

We report the generation and characterization of P2rx4 BAC
transgenic reporter mice (Yang and Gong, 2005) expressing the
orange/red fluorescent protein tdTomato (Shaner et al., 2005)
under the control of the P2X4 locus. We describe the distribution
of tdTomato-expressing cells throughout the brain, which
matches P2X4 mRNA (Buell et al., 1996; Collo et al., 1996; Lein et
al., 2007). The use of P2rx4 tdTomato mice revealed strong ex-

pression in the hypothalamic arcuate nucleus (Arc), an area
where P2X responses had not been described in detail (Stojilkovic,
2009). Immunohistochemistry (IHC) and breeding of P2rx4
tdTomato mice with cell-specific GFP reporter lines revealed that
P2X4 receptors were expressed in the AgRP-NPY neurons. Electro-
physiological evaluations showed that P2X4 receptors mediated pre-
synaptic facilitation of GABA release onto POMC neurons. These
responses were strongly regulated by food deprivation and leptin,
which engage Arc satiety-related signaling. Together, our studies
provide a new well-characterized tool with which to study P2X4
receptor-expressing cells and suggest unanticipated roles for ATP
signaling in the neural circuitry controlling feeding.

Materials and Methods
All animal experiments were conducted in accordance with the National
Institute of Health Guide for the care and use of laboratory animals and
were approved by the Chancellor’s Animal Research Committee at the
University of California–Los Angeles.

Generation of P2rx4 tdTomato BAC transgenic mice. A 191 kb mouse
bacterial artificial chromosome (BAC #RP23-448O6) containing the 21
kb P2X ligand-gated ion channel 4 (P2X4) coding region, �100 kb 5�
flanking region, and �70 kb 3� flanking region was identified through a
database search and obtained from the BACPAC Resource Center (Oak-
land Children’s Hospital, Oakland, CA). The cDNA of the orange/red
fluorescent protein, tdTomato with a PolyA sequence, was inserted into
exon 1 of the P2rx4 gene to replace the endogenous initiation of transla-
tion codon, according to an established protocol (Yang and Gong, 2005).
The construction of the recombination cassette, subcloning into a shuttle
vector (pLD53.SC-AB), homologous BAC recombination, and purifica-
tion of intact BAC DNA for pronuclear injections were all done following
described procedures (Yang and Gong, 2005). A 10 �l sample of the fully
modified and verified BAC DNA was analyzed by pulse-field gel electro-
phoresis to confirm BAC band integrity, quality, and size. Circular BAC
DNA concentration was measured using a Nanodrop spectrophotometer
before being diluted to a final concentration of �2 ng/�l by the trans-
genic core facility (University of California–Los Angeles) and used for
embryo injections. The incorporation of the transgene into the mouse
genome was identified through PCR. The genotyping primers for the
transgene were as follows: 5�-AGT CAG GGG ACT GAC TCT TCA GCA
CTC-3� and 5�-TCC TCG CCC TTG CTC ACC ATG G-3�. The P2rx4
tdTomato transgenic mouse line will be available from The Jackson Lab-
oratory (JAX#029332).

Wild-type and transgenic mice. C57BL/6J-Tg(POMC-EGFP)1Low/J
and B6.FVB-Tg(Npy-hrGFP)1Lowl/J mice (JAX#009593 and JAX#
006417, respectively) were acquired from The Jackson Laboratory.
Transgenic mice, including P2rx4 tdTomato mice, were maintained by
breeding with C57BL/6N mice (from Taconic), and hemizygous trans-
genic mice were used for experiments. All the mice were housed with
food and water available ad libitum in a light-controlled environment. In
a specific set of experiments, food deprivation lasted for 24 h, starting at
09:00. Both male and female mice between 4 and 8 weeks old were used
for electrophysiology and immunohistochemistry studies. Eight-week-
old male mice were used for feeding studies. P2X4 knock-out mice were
made by Francois Rassendren (Sim et al., 2006; Ulmann et al., 2008) and
provided to us from a colony maintained at the University of Southern
California in the D.L.D. laboratory.

Hippocampal lipopolysaccharide (LPS) injections. All surgical proce-
dures were conducted under general anesthesia using continuous isoflu-
rane (induction at 5%, maintenance at 1–2.5% v/v). Depth of anesthesia
was monitored continuously and adjusted when necessary. After induc-
tion of anesthesia, the mice were fitted into a stereotaxic frame, with their
heads secured by blunt ear bars and their noses placed into an anesthesia
and ventilation system (David Kopf Instruments). Mice were adminis-
tered buprenorphine (0.1 mg/kg; Buprenex) subcutaneously before sur-
gery. The surgical incision site was then cleaned three times with 10%
povidone iodine and 70% ethanol. Skin incisions were made, followed by
craniotomies of 2–3 mm in diameter above the left parietal cortex using
a small steel burr (Fine Science Tools) powered by a high-speed drill
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(K.1070; Foredom). Saline (0.9%) was applied onto the skull to reduce
heating caused by drilling. In this study, 1 �l injections of 4 �g/�l LPS
from Escherichia coli 0127:B8 (Sigma, L5024) were delivered over a 2 min
period into each hippocampus. Stereotaxic coordinates from bregma
were 2 mm posterior to bregma, 1.5 mm lateral to midline, and 1.6 mm
from the pial surface. After surgery, animals were allowed to recover
overnight in cages placed partially on a low-voltage heating pad. Bu-
prenorphine was administered two times per day for up to 2 d after
surgery. In addition, trimethoprim sulfamethoxazole (40 and 200 mg,
respectively, per 500 ml water) was dispensed in the drinking water. This
procedure did not adversely affect animal survival. The mice injected
with saline or LPS were killed 3 d after injection, the brains removed and
studied by immunohistochemistry.

Histology and immunohistochemistry (IHC). For transcardial perfu-
sion, mice were killed with pentobarbitol (i.p.). Once all reflexes sub-
sided, the abdominal cavity was opened. Heparin (0.1 ml) was injected
into the heart to prevent the blood from clotting. The animal was per-
fused with 50 ml ice-cold 0.1 M PBS followed by 50 ml 10% buffered
formalin (Fisher). After gentle removal from the skull, the brain was
postfixed in 10% buffered formalin overnight. The tissue was cryopro-
tected in buffered 30% sucrose solution the following day for at least 2 d
at 4°C until use. The 40 �m coronal frozen sections were prepared using
a cryostat microtome (Leica) and processed for immunohistochemistry.
To stain tdTomato for brightfield microscopy, sections were washed in
0.1 M PBS and treated with H2O2 (1%) for 20 min to block endogenous
peroxidase activity. The sections were incubated with 5% normal goat
serum (NGS) and 0.5% Trition-X 100 in 0.1 M PBS at room temperature
for 60 min. Sections were then incubated with anti tdTomato antibody
(1:2500; Rockland) in 0.1 M PBS for 24 h at room temperature. After three
10 min washes in 0.1 M PBS, the sections were incubated with biotinyl-
ated goat anti-rabbit antibody (1:400; Vector ABC Elite) in 0.1 M PBS
with 5% NGS for 2 h at room temperature. After another three 10 min
washes in 0.1 M PBS, the sections were incubated for 2 h in avidin-biotin
complex (Vector ABC Elite) in 0.1 M PBS containing 0.2% Triton X-100.
The staining was visualized by incubation with Vector SG peroxidase
substrate (blue products) and H2O2 in 0.05 M Tris buffer, pH 7.6. The
brain sections were subsequently dehydrated and mounted with Eukitt
(Calibrated Instruments).

For immunostaining for fluorescence microscopy, thin sections
were washed 3 times in 0.1 M PBS for 10 min each, before being
incubated in a blocking solution containing 5% NGS in 0.1 M PBS
with 0.5% Triton X-100 for 1 h at room temperature on a shaker.
Sections were then incubated in primary antibodies diluted in 0.1 M

PBS with 0.5% Triton X-100 overnight at 4°C. The following primary
antibodies were used: rabbit anti-RFP (1:200; Rockland), mouse anti-
HuC/HuD (1:1000; Invitrogen), mouse anti-GFAP (1:1000; Milli-
pore), chicken anti-vimentin (1:1000; Millipore), and chicken
anti-GFP (1:1000; Abcam). The next day, the sections were washed 3
times in 0.1 M PBS for 10 min each before incubation at room tem-
perature for 2 h with secondary antibodies diluted in 5% NGS in 0.1 M

PBS. The following Alexa-conjugated secondary antibodies were
used: goat anti-rabbit 488 (1:500), goat anti-chicken 488 (1:500), goat
anti-chicken 546 (1:500), goat anti-mouse 546 (1:500), and goat anti-
rabbit 594 (1:500; all from Invitrogen). The sections were then rinsed
3 times in 0.1 M PBS for 10 min each before being mounted on mi-
croscope slides. Fluorescence images were taken using UPlanSApo
20� 0.85 NA and UPlanFL 40� 1.30 NA oil-immersion objective lens
and the FV300 Fluoview confocal laser-scanning microscope. We
used the 488 nm line of an argon laser to excite Alexa-488, with the
intensity adjusted to 0.5%–5% of the maximum output, which was 10
mW. The emitted light pathway consisted of an emission high pass
filter (505–525 nm) before the photomultiplier tube. Alexa-546 and
Alexa-594 were excited by the 543 nm laser line of the HeNeG laser at
30% of the maximum output (1 mW). The emitted light pathway
consisted of a dichroic mirror (SDM560) and a 560 – 600 nm emission
filter. The acquired images were processed by ImageJ software.
Colocalization of two proteins in a cell was defined by overlapping of
green and red fluorescent signals from Alexa-conjugated secondary
antibodies in a single cell. Cell numbers were counted manually.

Live fluorescence imaging. Brain slices used for fluorescence imaging
were prepared exactly as described for electrophysiology (below). Fluo-
rescence images of live brain slices from POMC GFP, NPY hrGFP, and
P2rx4 tdTomato mice were taken using LUMPlanFL 40� 0.80 NA water-
immersion objective lens and the FV300 Fluoview confocal laser-
scanning microscope. GFP was excited by the 488 nm line of an argon
laser with the intensity adjusted to 0.5%–5% of the maximum output,
which was 10 mW. The emitted light pathway consisted of an emission
high pass filter (505–525 nm) before the photomultiplier tube. tdTomato
proteins were excited by the 543 nm laser line of the HeNeG laser at 30%
of the maximum output (1 mW). The emitted light pathway consisted of
a dichroic mirror (SDM560) and a 560 – 600 nm emission filter. Cells
were selected from the Arc and were typically 20 – 40 �m from the slice
surface. Confocal images were taken at 1 �m step size, and 20 z-series
images were z-projected and presented in the figures.

Voltage- and current-clamp electrophysiology. For brain slice prepara-
tion, mice were deeply anesthetized with isoflurane and decapitated.
Coronal brain slices (300 �m thickness) were prepared in chilled cutting
solution comprising the following (in mM): 110 choline chloride, 2.5 KCl,
1.25 mM NaH2PO4, 2 CaCl2, 7 MgSO4, 25 D-glucose, 3.1 Na-pyruvate,
and 11.6 Na L-ascorbate, bubbled with 95% O2/5% CO2. During incuba-
tion, the slices were submerged at room temperature in aCSF comprising
the following (in mM): 119 NaCl, 25 NaHCO3, 11 D-glucose, 2.5 KCl, 1
MgCl2, 2 CaCl2, and 1.25 NaH2PO4, bubbled with 95% O2/5% CO2.
Brain slices were incubated at 34°C for 30 min and then brought to room
temperature until transfer to a recording chamber perfused with aCSF at
a rate of 1–2 ml/min at room temperature (20°C-22°C). The resistance of
the pipettes was between 2 and 3 M� when filled with a potassium
chloride-based internal solution, comprising the following (in mM): 130
KCl, 5 NaCl, 10 HEPES, 1 EGTA, 2 Na-ATP, 0.5 Na2GTP, and 5 sodium
phosphocreatine, pH 7.35. The cells were visualized with 900 nm infrared
differential interference contrast optics (IR-DIC; Luigs & Neumann Op-
tical) on an upright microscope (Olympus BX51). Fluorescence excita-
tion was achieved using an X-Cite 120 light source (Lumen Dynamics).
The holding potential for voltage-clamp recordings was �60 mV, and
responses were digitized at 10 kHz. Only neurons with access resistances
�20 M� were used for recordings. Puffs of ATP were applied under
visual control using a Picospritzer III (Parker Hannifin). In all cases, the
same pipettes as those for electrophysiology recording were used for
puffing and positioned 100 �m away from the recorded neuron. Minia-
ture IPSCs (mIPSCs) were recorded in the presence of 10 �M CNQX, 50
�M cadmium chloride, and 0.5 �M TTX. Evoked EPSCs (eEPSCs) were
recorded with 1 mM QX-314 in recording pipettes and 10 �M bicuculline
in bath. Bipolar tungsten-stimulating electrodes were placed lateral to the
arcuate nucleus to activate inputs to arcuate nucleus neurons. In all
experiments, stimuli of 100 �s were used to elicit a synaptic response.
Responses were evoked at a frequency of 0.05 Hz to record effects of drug
perfusion. In most cases, recordings were initiated 5 min after whole-cell
recordings were established.

In vivo delivery of ATP, leptin, and ghrelin and assessment of food intake.
We used procedures based on published work (Wong et al., 2015; Yang et al.,
2015). Mice (8- to 10-week old; male) were anesthetized with isoflurane
(induction at 5%, maintenance at 1%–2.5% v/v) and placed on a stereotaxic
apparatus. The skull was exposed via a small incision, and a small hole was
drilled in the midline for guide cannula implantation. Bilateral 26 gauge
stainless-steel cannulae (0.8 mm apart, Plastics One) were implanted using
standard stereotaxic procedures (coordinates from bregma�1.6 mm, lateral
0.4 mm, ventral �5.0 mm from dura). Cannulae were secured to the skull
with dental acrylic and stainless-steel bone screws. A 33 gauge stainless-steel
obturator was inserted into the cannula to keep the guide cannula patent. For
postoperative care, mice were injected intramuscularly with carprofen
(15 mg/kg) to reduce pain for 2 d (once per day) and oral antibiotic (trim-
ethoprim and sulfamethoxazole, 0.4 mg/ml; Hi-Tech Pharmacal). Mice
were returned to their home cages and singly housed, typically for at least 2
weeks to recover before drug delivery and feeding assays. The Arc was bilat-
erally microinfused with 500 nl of vehicle control aCSF or ATP (3 mM) at a
rate of 100 nl/min (total volume 0.5 �l/side) using an infusion pump (Har-
vard Apparatus). Briefly injectors (33 gauge, Plastics One) were inserted and
protruded 1 mm beyond the guide cannulae (6.0 mm from dura). The in-
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Figure 1. tdTomato expression in P2rx4 tdTomato mice. A, Representative images of tdTomato IHC in olfactory tissue from wild-type and P2rx4 tdTomato reporter mice. B, Representative images
of tdTomato-positive cells in the brain. Diagram represents the positions of coronal sections shown in Bi–Bvi. OB, Olfactory bulb; Gl, glomerular layer; CPu, corpus putamen; SON, supraoptic nucleus;
SCN, suprachiasmatic nucleus; Arc, arcuate nucleus; V3, third ventricle; DMH, dorsal medial hypothalamus; DG, dentate gyrus; ECT, entorhinal cortex; PIR, piriform cortex; SCO, subcomissural organ;
ml, molecular layer; pl, Purkinje layer; LC, locus ceruleus. C, IHC images of tdTomato-positive cells in spinal cord. The neurons stained in the ventral horn were motor neurons.
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jectors were allowed to remain in place for 5 min after infusion to allow for
diffusion away from the injector. Ghrelin was similarly applied at 0.7 mM

(purchased from Sigma). Following microinjections, obturators were rein-
serted into guide cannulae, and mice were returned to their home cage. Food
intake measurements began 1 h after microinjections at 09:00. Cannulae
placements were confirmed histologically following the experiment. All the
mice were housed with food and water available ad libitum on a 12 h light/
dark cycle, unless otherwise noted. For the experiments shown in Figure 9,
food deprivation was for 24 h, starting at 10:00. Leptin (Sigma) was dissolved
in saline and injected intraperitoneally at 1 �g/g in a volume of 100 �l 3 h
before the mice were killed and used for slice preparation.

Data analyses. Synaptic currents were analyzed using MiniAnalysis
program 6.0.7 (Synaptosoft) and Origin 8.5 (Origin Lab). Image analyses
were performed using ImageJ version 1.30 (National Institutes of
Health). For the experiments shown in Figure 9, the intensity of
tdTomato immunofluorescence from neurons and tanycytes located
�200 �m away from medial eminence was quantified by evaluating 10
images from a z-series at 1 �m spacing. ROIs were selected on the somata
of tdTomato-positive neurons and tanycytes. Average intensity of the
tdTomato immunofluorescence in each ROI was measured using ImageJ
and then subtracted by the background value. All statistical tests were run
in GraphPad InStat 3 or Origin 9. The graphs were created in Origin 9
and assembled in CorelDraw12. Data are presented as mean 	 SEM. In
some of the graphs, the bars representing the SEM are smaller than the
symbols used to represent the mean. For each set of data to be compared,
we determined within GraphPad Instat whether the data were normally
distributed or not. If they were normally distributed, we used parametric
tests. If the data were not normally distributed, we used nonparametric
tests. Paired and unpaired Student’s two-tailed t tests (as appropriate)
and two tailed Mann–Whitney tests were used for most statistical analy-
ses with significance declared at p � 0.05, but stated in each case with a
precise p value. When the p value was �0.001, it is stated as p � 0.001 to
save space on the figure panels and tables. Throughout the manuscript,
the results of statistical tests ( p values and n values) are reported in the
figure panels. N is defined as the numbers of cells and/or mice through-
out on a case-by-case basis depending on the particular experiment.

Chemicals. All chemicals used were from VWR, Tocris Bioscience, or
Sigma. In the text, the names of the chemicals abbreviated are adenosine
5�-O-(3-thio)triphosphate (ATP�S), �,�-methyleneadenosine 5�-triphos-
phate (�,�-meATP) (4-benzoyl)benzoyl adenosine 5�-triphosphate
(BzATP), APV, CNQX, GABA, pyridoxal-phosphate-6-azophenyl-2�,4�-
disulfonic acid (PPADS), and TTX.

Results
Generation of transgenic BAC P2rx4 tdTomato reporter mice
Standard protocols were used for insertion of tdTomato at the
P2X4 receptor gene (P2rx4) start codon within the BAC DNA.
Insertion was confirmed by PCR using flanking and insert-
specific primers and with restriction analyses of the wild-type and
modified BACs. The tdTomato sequence harbors a rare SbfI re-
striction site, and cutting with SbfI releases a diagnostic 8 kb band
from the modified BAC, which was visualized by pulse-field gel
electrophoresis. The modified P2rx4 tdTomato BAC clone was
used for pronuclear injections after detailed characterization
with PCR over regions of P2rx4 and tdTomato. Following injec-
tion of �200 embryos, two potential founder lines of transgenic
mice were generated. One of these resulted in germline transmis-
sion and was studied in detail. The insertion of tdTomato was
confirmed by PCR of tail biopsy genomic DNA. The P2rx4
tdTomato mice were backcrossed with C57BL/6N mice for �8
generations. The mice reproduced, provided offspring in expected
numbers, and displayed no obvious behavioral alterations, as expected
with the BAC method that leaves the endogenous P2X4 receptor locus
intact (Yang et al., 1997).

We initially tested for tdTomato expression within transgenic
mice using IHC with tdTomato antibodies. Past work shows that
P2X4 mRNAs are strongly expressed in the olfactory epithelium

(Buell et al., 1996). To validate the reporter mice, we used this
region as a positive control. In accord, we found abundant and
strong tdTomato expression in the olfactory epithelium of re-
porter mice, but not in wild-type littermates (Fig. 1A; n 
 4
mice). For subsequent evaluations, we focused on the brain.
tdTomato expression in peripheral organs, such as the lungs
(Miklavc et al., 2013) and heart (Yang et al., 2014) was not stud-
ied, but the mice are available via The Jackson Laboratory
(JAX#029332) for others to do so.

Brain-wide evaluation of tdTomato expression in P2rx4
tdTomato reporter mice
Benefitting from previous detailed analyses of P2X4 mRNA
(Buell et al., 1996; Collo et al., 1996; Lein et al., 2007), we evalu-
ated tdTomato expression in coronal brain sections (n 
 4 mice).
We detected tdTomato-expressing cells throughout the brain,
with the cytosolic protein being readily observed in neuronal
somata and dendrites. Representative images are shown in Figure
1, and expression patterns are compared with mRNA distribu-

Table 1. Summary of tdTomato expression in P2rx4 tdTomato reporter mice in
relation to P2X4 mRNA in past studiesa

P2rx4 tdTomato
(current study)

P2X4 mRNA
Collo et al., 1996

P2X4 mRNA Allen
Brain Atlas

Olfactory bulb
Mitral cells �� �� ��
Glomerular layer ���� NA ���
Anterior olfactory nucleus � � �

Cerebral cortex
Motor cortex � � �
Piriform cortex �� �� ��
Frontal cortex � �� �

Subcortical telencephalon
CA1-CA4 � �� ��
Dentate gyrus — �� ��

Cerebellum
Purkinje cells � ��� ���
Molecular layer ��� � �

Hypothalamus
Suprachiasmatic nucleus ��� �� ��
PVN ��� NA ��
Medial preoptic nucleus � � �
Medial preoptic area � �� �
Supraoptic nucleus ��� �� ��
Ventromedial nucleus �� � ��
Arc ���� � ��

Thalamus
Mediodorsal nucleus � � �
Ventrolateral nucleus � � �
Reticular nucleus �� � �

Midbrain
Supramamillary nucleus �� �� ��
Medial mammillary nucleus �� � �

Hindbrain
Locus ceruleus ��� NA ��
Ventral pontine reticular nucleus � �� �
Caudal pontine reticular nucleus � � �
Solitary tract nucleus �� � �
Trigeminal nucleus �� NA �

Ventricular structures
Ependymal layer (tanycytes) ��� — ��
Subfornical organ ��� � ��
Subcommisural organ ��� NA ���

aExpression levels are indicated on a semiquantitative scale, where — indicates absence, and the number of crosses
(�) indicates relative expression levels. NA, specific dataset does not exist. The data from the Allen Brain Atlas are
freely available at http://mouse.brain-map.org/experiment/show/75551474.
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tion in Table 1. Briefly, we detected strong
tdTomato expression in the glomerular
layer in the main and accessory olfactory
bulbs (Fig. 1Bi). These regions likely rep-
resent axonal projections from olfactory
epithelial layers (Fig. 1A). Moderate label-
ing was also observed in mitral cells with
clearly visible dendrites (Fig. 1Bi, red ar-
row). Little labeling was observed in the
striatum (Fig. 1Bii). In the case of the ce-
rebral cortex, generally low and sparse la-
beling was observed in the entorhinal
cortex and piriform cortex; labeled corti-
cal neurons mainly clustered in layers II
and III (Fig. 1Biv, panels 6 and 7). In the
hippocampus, pyramidal neurons were
sparsely labeled in the CA1 region (Fig.
1Biv, panel 4). Consistent with past elec-
trophysiology (Haustein et al., 2014), no
labeling was observed in CA3 or dentate
gyrus neurons (Fig. 1Biv, panel 5). In the
cerebellar cortex, some Purkinje cells ex-
hibited marked levels of labeling, but
most cells did not (Fig. 1Bvi, panel 2).
However, strong labeling was observed in
stellate cells in the molecular layer of the
cerebellum (Fig. 1Bvi, panel 1).

A series of distinct nuclei heavily ex-
pressed tdTomato in the hypothalamus
(Stojilkovic, 2009). These included the
paraventricular nucleus, supraoptic nu-
cleus, suprachiasmatic nucleus, and the
Arc. In the paraventricular and suprachi-
asmatic nuclei, tdTomato-expressing cells
were evenly distributed in both brain ar-
eas, with clearly visible tdTomato express-
ing dendrites (Fig. 1Biii,Biv, red arrows).
In the Arc, two clearly discernible cell
types were observed: one population dis-
played neuronal morphology and the
other more stellate population lined the
third ventricle and displayed long thin
processes (�100 �m long) that were in-
dicative of tanycytes (Fig. 1Biv, panel 2).
Less dense tdTomato-expressing cells were
seen in the dorsal medial hypothalamus
(Fig. 1Biv, panel 3). We also observed that
ependymal cells in various parts of the
brain showed strong tdTomato expression.
For example, high tdTomato expression
was observed in the subcommissural organ,
a small ependymal gland of the circumven-
tricular system that is located in the dorso-
caudal region of the third ventricle (Fig.
1Bv). Expression in tanycytes and the sub-
commissural organ is consistent with pro-
posed roles for ATP signaling (Frayling et

Figure 2. tdTomato expression was upregulated in microglia from P2rx4 tdTomato mice by LPS. A, B, Representative IHC
images of NeuN and tdTomato (top) as well as Iba1 and tdTomato (bottom) from CA1 regions from P2rx4 tdTomato mice injected
with PBS (A) or 4 �g LPS (B). S.O, Stratum oriens; S.P, stratum pyramidale; S.R, stratum radiatum. C, Percentage of Iba1-positive
cells that were tdTomato-positive as measured from panels, such as in A, B. D, Percentage of tdTomato-positive cells that were

4

Iba1-positive as measured from panels, such as in A, B. E, td-
Tomato fluorescence intensity within microglia and neurons
from experiments, such as in A, B.
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al., 2011). In the spinal cord, low levels of
tdTomato were observed in motor neurons
(Fig. 1C), which is consistent with past stud-
ies in healthy, noninjured mice (Bo et al.,
1995).

As a summary, Figure 1 reports repre-
sentative images of several brain areas where
tdTomato expression was observed. We
used such images from the entire brain to
assemble Table 1, which compares in a qual-
itative manner tdTomato expression with
past reports of P2X4 mRNA expression for
several regions (Buell et al., 1996; Collo et al.,
1996; Lein et al., 2007). Across multiple
brain regions, strong concordance was ob-
served between tdTomato and P2X4 mRNA
(Table 1), indicating that the P2rx4 tdTomato
reporter mice faithfully represent P2X4 ex-
pression. However, tdTomato does not report
P2X4 receptors because it is a cytosolic re-
porter and is not tagged to the P2X4 receptor
subunit protein.

tdTomato upregulation in hippocampal
microglia after in vivo LPS injections
P2X4 receptors are significantly upregu-
lated in microglia when they become acti-
vated in vivo (Tsuda et al., 2003; Ulmann
et al., 2008, 2010, 2013). Mechanistic
studies in vitro show that upregulation oc-
curs both via altered trafficking and via
increased P2X4 gene expression (Raouf et
al., 2007; Toulme et al., 2010; Toulme and
Khakh, 2012; Xu et al., 2014). Expression
of tdTomato in P2rx4 tdTomato reporter
mice is under the control of the normal
P2X4 regulatory elements in the genomic
DNA contained within the BAC (Yang and
Gong, 2005). We examined tdTomato ex-
pression in hippocampal microglia in
control P2rx4 tdTomato mice and in
those that had received hippocampal LPS
microinjections in vivo (Hamby et al.,
2012) to induce microglial activation (n 

4 control mice and n 
 4 LPS-treated
mice). In control mice, tdTomato expres-
sion in the hippocampus was restricted to
a sparse neuronal population in the pyra-
midal cell layer, and no colocalization was
observed with the microglia marker Iba1
(Fig. 2A; n 
 4). In contrast, in LPS-
injected mice, we observed dramatically
increased tdTomato expression in cells
with microglia-like morphology across all
regions of the hippocampus (Fig. 2B,E;
n 
 4). This abundant tdTomato expres-
sion did not colocalize with neuronal nuclei
(NeuN) a vertebrate nervous system and
neuron-specific nuclear protein, but did co-
localize with Iba1 (Fig. 2B; n 
 4). Hence,
there was a significant and substantial in-
crease in the percentage of Iba1-positive
cells that expressed tdTomato following

Figure 3. tdTomato-positive cells in the arcuate nucleus. A, Representative IHC images of tdTomato-positive cells in the arcuate
nucleus. Ai, Representative image of neurons. Aii, Representative image of tanycytes. B, Confocal images of tdTomato-positive cells from
live brain slices. Bi, Tanycytes. Bii, Biii, Neurons. C, Distance of Arc tdTomato-positive neurons from the bottom of the third ventricle
(medium eminence). Diagram represents the positions of tanycytes and neurons. Right panels, The cell density of tdTomato-positive
neurons per 50 �m 2 was plotted against the distance to the medium eminence.
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LPS (Fig. 2C; n 
 4), and essentially all hippocampal tdTomato-
positive cells observed from LPS-injected mice were microglia
(Fig. 2D; n 
 4). Moreover, the tdTomato fluorescence intensity
increased significantly in microglia following LPS but was not
altered in neurons (Fig. 2E; n 
 4). These data show that tdTo-
mato expression from BAC P2rx4 tdTomato reporter mice was
increased, as expected, in activated microglia.

Cellular identity of tdTomato-expressing cells in Arc
tdTomato expression was particularly high in the Arc (Fig. 1;
Table 1), a hypothalamic nucleus that controls feeding and
energy homeostasis (Sternson and Atasoy, 2014). Consistent

with tdTomato expression (Fig. 1Biv), RNAseq analyses show
that Arc neurons abundantly express P2X4 mRNA (Henry et
al., 2015); this prompted us to explore P2X responses in more
detail.

Figure 3 shows examples of tdTomato-expressing cells, which
were distributed across the Arc and displayed typical neuronal
morphologies with dendrites (Fig. 3Ai). Tanycytes (Langlet,
2014) were the other abundant cell type expressing tdTomato
(Fig. 3Aii). tdTomato expression was also readily observed in Arc
in both neurons and tanycytes by confocal microscopy in live
brain slices (Fig. 3B), demonstrating that the native fluorescence
of tdTomato could be visualized without the use of antibody

Figure 4. Cellular identity of tdTomato-positive cells in the arcuate nucleus. A–E, Representative images for colocalization of tdTomato-positive cells with markers for tanycytes (vimentin),
neurons (HuC/HuD), astrocytes (GFAP), as well as GFP from POMC GFP and NPY GFP reporter mice. Average data for the percentage of P2X4-tdTomato cells that colocalized with these cell-specific
markers are reported in the text.
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labeling. tdTomato-positive neurons
were most abundant �100 �m away from
the medial eminence (n 
 5 mice; Fig.
3C). The medial eminence is fenestrated
with blood vessels and is considered to re-
side outside the blood– brain barrier. The
close proximity of tdTomato-positive
neurons to the medial eminence suggests
that these cells may sense circulating
hormones.

We sought to determine the identity of
the Arc cells expressing tdTomato by IHC
and by crossing the P2rx4 tdTomato mice
with reporter mice expressing GFP in ei-
ther AgRP-NPY or POMC neurons,
which are the predominant populations
in this brain area (Atasoy et al., 2012; Lan-
glet, 2014). The vast majority (94 	 3%)
of the tdTomato-positive cells located
on the border with the third ventricle
displayed vimentin-positive processes,
which identifies them as tanycytes (Fig.
4A; n 
 4). All of the other tdTomato-
positive cells colocalized with the neuro-
nal marker HuC/HuD (100%), but not
with GFAP (0%), indicating that they are
neurons and not GFAP-positive astro-
cytes (Fig. 4B,C; n 
 4 mice). However,
only �50% of the HuC/HuD-positive
neurons were tdTomato-positive (Fig. 4B;
n 
 4 mice), implying that the tdTomato-
positive neurons represent a specific Arc
population. By crossing the P2rx4
tdTomato mice with POMC GFP mice,
we found that 10 	 2% of the labeled neu-
rons colocalized (Fig. 4D; n 
 5 mice). In
contrast, by crossing P2rx4 tdTomato
mice with AgRP-NPY GFP reporter mice,
we found 56 	 2% colocalization between
labeled neurons (Fig. 4E; n 
 4 mice). To-
gether, these studies provide strong evi-
dence that the major Arc cell type that
expresses tdTomato is the AgRP-NPY
neuronal population. The unaccounted
for �30% of tdTomato-positive neurons
that did not colocalize with GFP in AgRP-
NPY or POMC reporter mice may repre-
sent a third population of Arc neurons or
incomplete penetrance/labeling of AgRP-
NPY neurons in the transgenic GFP re-
porter line. We favor the latter possibility,
given recent cell specific RNAseq data,
which showed abundant P2X4 mRNA in
AgRP-NPY neurons (Henry et al., 2015).
In some cases (e.g., Fig. 4B), the tdTomato appeared nuclear. This
is consistent with past reports with this fluorescent protein and
does not detract from its use as a cell reporter (Gee et al., 2014;
Besser et al., 2015).

Electrophysiological recording from tdTomato-
expressing neurons
We used fluorescence-guided electrophysiology to record the ba-
sic properties of tdTomato-expressing Arc neurons in relation to

those recorded from wild-type mice (Fig. 5; n 
 4). Two distinct
types of neurons were observed in both genotypes. Approxi-
mately half the neurons displayed resting membrane potentials at
��47 mV, input resistances at �3 G�, and spontaneous action
potential firing at �1 Hz. The other half of the cells displayed
more hyperpolarized resting membrane potentials at ��63 mV,
lower input resistances at �2 G�, and no spontaneous action
potential firing (Fig. 5A,B; average data in Table 2). However,
there were no significant differences across these metrics between

Figure 5. Electrophysiological properties of neurons from the arcuate nucleus in wild-type and P2rx4 tdTomato mice. A, B,
Representative waveforms of membrane potentials recorded in current clamp from arcuate nucleus neurons in wild-type mice (A)
and tdTomato-positive neurons from P2rx4 tdTomato mice (B). Bottom panels, Current injection protocol. C, D, Representative
traces for ATP-evoked and GABA-evoked currents recorded from arcuate nucleus neurons from wild-type mice (C) and tdTomato-
positive neurons in P2rx4 tdTomato mice (D) in response to 5 s puff applications of 100 �M ATP or 300 �M GABA. No ATP-evoked
currents were detected. E, Average data for experiments, such as those in C, D. F, Representative traces of eEPSCs recorded from
tdTomato-positive neurons in the presence of 10 �M bicuculline. Right, The eEPSCs were completely blocked by 10 �M CNQX and
30 �M APV.
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neurons recorded from wild-type and P2rx4 tdTomato mice
(p � 0.05; Table 2). This provides evidence that expression of
tdTomato does not detectably alter the basic properties of Arc
neurons (Fig. 5A,B; Table 2).

To explore the function of P2X4 receptors in Arc neurons, we
puffed 100 �M ATP onto their somata at �60 mV but failed to
measure ATP-evoked inward currents that would be indicative of
somatic functional P2X4 expression in either wild-type or P2rx4
tdTomato mice (Fig. 5C–E; n 
 6 mice for both genotypes). How-
ever, we measured robust 300 �M GABA-evoked currents in both
genotypes (Fig. 5C–E; n 
 4 mice for both genotypes). We also
examined eEPSCs onto Arc neurons and found that eEPSCs were
completely blocked with a combination of 10 �M CNQX and 30 �M

APV to block AMPA and NMDA receptors, respectively (Fig. 5F;
n 
 4 mice). Together, these data suggest that there were few, if any,
functional P2X4 receptors on the somata of Arc neurons; there was
also no evidence for fast ATP synaptic transmission in this nucleus.

Evidence that presynaptic P2X4 receptors regulate GABA
release onto POMC neurons
In some brain areas, P2X receptors are found in presynaptic nerve
terminals where their activation regulates neurotransmitter release
probability. This was first shown for sensory neurons (Gu and Mac-
Dermott, 1997; Khakh and Henderson, 1998; Lê et al., 1998) and is
exemplified by presynaptic P2X4-like responses in the nucleus trac-
tus solitarius (Shigetomi and Kato, 2004). Because AgRP-NPY neu-
rons send GABAergic projections to Arc POMC neurons (Cowley et
al., 2001), we crossed P2rx4 tdTomato mice with POMC GFP mice
and, using confocal imaging in live slices, we observed little overlap
between the fluorescent proteins (Fig. 6A,B). This is in accord with
the IHC data in Figure 4. However, the POMC GFP transgenic mice
allowed us to record from identified GFP-expressing POMC neu-
rons and then puff ATP nearby to determine whether it affected
GABA release from AgRP-NPY neurons onto POMC neurons (Fig.
6C). In the presence of 250 nM TTX and 10 �M Cd2� to block action
potentials and voltage-gated Ca2� channels, respectively, we found
that ATP applications largely and reproducibly increased mIPSC
frequency without changing their amplitude (Fig. 6D,E; n 
 4
mice). Thus, in 9 of 11 neurons, the mIPSC frequency was 1.3 	 0.5
Hz before ATP and 10.3 	 0.3 Hz during ATP applications; the
amplitudes were identical at 49.5 	 6.6 and 50.2 	 3.6 pA, respec-
tively (Fig. 6E). Puffs of ACSF were ineffective and all mIPSCs were
abolished in the presence of bicuculline (Fig. 6D,E; n 
 4 mice). As
expected for presynaptic facilitation, quantal analyses (n 
 9 cells
and 4 mice) revealed that ATP shifted the mIPSC interevent interval
distributions to shorter times but did not change the amplitude dis-

tributions (Fig. 6F). Representative traces are shown in Figures 6D
and 7A. The ATP effect was extremely robust.

In accord with a role for P2X4 receptors, the stable ATP con-
gener ATP�S was also effective at elevating mIPSC frequency
without changing amplitude. Thus, the mIPSC frequency and
amplitudes were 3.4 	 1.3 Hz and 70.7 	 8.8 pA before ATP�S
puffs, and during ATP�S puffs they were 6.2 	 1.8 Hz and 74.7 	
7.7 pA, respectively (p 
 0.017 for frequency and p 
 0.4202 for
amplitude; n 
 14 cells, n 
 4 mice). However, Bz-ATP and
�,�-meATP, which are not effective P2X4 receptor agonists, did
not significantly change mIPSC frequency or amplitude (Table
3). Consistent with a role for P2X4 receptors, the ATP effect on
mIPSC frequency was blocked by 10 �M PPADS, which effi-
ciently antagonizes mouse P2X4 receptors (Jones et al., 2000).
The ATP effect was also abolished in Ca 2� free extracellular so-
lutions, which is expected because P2X4 receptors are Ca 2� per-
meable (Egan and Khakh, 2004) and P2X receptor-mediated
presynaptic facilitation relies on Ca 2� entry (Khakh, 2001;
Khakh and North, 2012). The ATP effect on mIPSC frequency
was not, however, blocked by applications of 30 �M MRS2179
(Fig. 7B), which antagonizes P2Y receptors (Bowser and Khakh,
2004). Moreover, although not strictly diagnostic of P2X4 recep-
tors alone, slow desensitization kinetics can be used to identify
P2X4 receptors in responses evoked by ATP (North, 2002). In
accord with a role for P2X4 receptors, the ATP-evoked increase in
mIPSC frequency desensitized with a time constant of �71 s
during 2 min applications of 100 �M ATP (Fig. 7C; n 
 10 cells
from 5 mice). Recombinant P2X4 receptors also display minimal
tachyphylaxis during repeated applications of ATP (North,
2002). In accord, repeated ATP applications reliably increased
mIPSC frequency with little tachyphylaxis (Figs. 6D, 7D; n 
 28
cells from 9 mice), although it remains possible that the P2X4
receptors may have partially desensitized but were still capable of
providing sufficient calcium flux to evoke GABA release. To-
gether, these functional data provide strong evidence that local
ATP puffs within the Arc increased GABA release probability
from AgRP-NPY neuron terminals onto POMC neurons via
P2X4, which is consistent with tdTomato expression (Figs. 1, 3;
Table 1) and with published RNAseq data for Arc AgRP-NPY
neurons (Henry et al., 2015).

To bolster our findings in Figure 7, we also performed a spe-
cific set of experiments to determine whether local ATP puffs
modulated GABAergic IPSCs onto another postsynaptic target of
Arc AgRP-NPY neurons. To this end, we repeated experiments,
such as those shown in Figures 6 and 7 during whole-cell record-
ings from paraventricular nucleus (PVN) neurons (Fig. 8A),
which receive part of their GABAergic input from AgRP-NPY
neurons (Atasoy et al., 2012; Garfield et al., 2015). We observed
that 100 �M ATP puffs increased mIPSC frequency onto 10 of 31
PVN neurons (Fig. 8B,D). In the other 21 of 31 neurons, ATP was
ineffective (Fig. 8C,D). Moreover, in the PVN neurons where
ATP elevated mIPSC frequency, the effect was abolished by 10 �M

PPADS or by Ca 2� free extracellular buffers (Fig. 8F). However,
there was a notable and significant difference between recordings
from Arc POMC and PVN neurons. For POMC neurons, ATP
only elevated mIPSC frequency and did not affect mIPSC ampli-
tude (Fig. 6F). By contrast, in the PVN, ATP applications signifi-
cantly increased both mIPSC frequency and amplitude (Fig. 7D,E),
which is similar to previous work on P2X4-like receptors in the NTS
(Shigetomi and Kato, 2004). These data suggest that presynaptic
modulation mediated by P2X4 receptors in terminals of Arc AgRP-
NPY neurons may vary depending on the postsynaptic target, as has
been suggested previously for presynaptic P2X2 (Khakh et al., 2003)

Table 2. Basic electrophysiological properties of arcuate nucleus neurons from
wild-type and P2rx4 tdTomato micea

Type
Wild-type (n 
 4 mice)
(no. of neurons)

P2rx4 tdTomato (n 
 4 mice)
(no. of neurons) p

Resting membrane
potential (mV)

i �47.8 	 1.0 (7) �47.8 	 0.7 (7) 0.99
ii �63.0 	 0.5 (8) �63.9 	 0.4 (7) 0.20

Resting firing
frequency (Hz)

i 1.0 	 0.3 (7) 0.7 	 0.2 (7) 0.44
ii 0 (8) 0 (7) —

Input resistance
(G�)

i 3.5 	 0.5 (7) 2.4 	 0.3 (7) 0.08
ii 2.0 	 0.2 (8) 1.6 	 0.2 (7) 0.21

Rheobase (pA) i NA (7) NA (7) NA
ii 11.0 	 2.4 (8) 15.1 	 1.4 (7) 0.17

aNA, Not applicable (as these neurons fired at rest, which means a rheobase was not measured); —, test could not
be performed because the neurons of this class did not fire. Rheobase indicates the minimum amount of current
needed to cause the neurons to fire action potentials. The two broadly observed types of neurons (i and ii) were
indiscernible in wild-type and P2rx4 tdTomato mice. p values are from statistical comparisons between wild-type
and P2rx4 tdTomato mice for the metrics listed in the table.
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and other receptors (Tóth and McBain, 2000; Pelkey and McBain,
2007, 2008).

We could not reliably use ivermectin as a diagnostic of P2X4
receptors (Khakh et al., 1999) in our brain slice experiments because

this allosteric modulator also potently modulates GABAA receptors
(Krůsek and Zemková, 1994; Zemková et al., 2014) that mediate the
mIPSCs we studied. We found that ivermectin applications evoked
inward currents in POMC neurons (data not shown), most likely by

Figure 6. Presynaptic facilitation of mIPSCs onto Arc POMC neurons by ATP. A, There was no colocalization between tdTomato and GFP in the Arc from double-transgenic P2rx4 tdTomato and
POMC GFP reporter mice. B, Images of fluorescent GFP-positive neurons in live slices from POMC GFP mice that were targeted for mIPSC recording in whole-cell mode. C, Schematic representation
of the experimental strategy: tdTomato-positive neurons send GABAergic projections onto POMC neurons. We recorded mIPSCs from POMC GFP neurons and applied ATP locally via a puffer. D,
Representative traces of mIPSCs recorded from POMC GFP neurons in response to five consecutive 20 s applications of 100 �M ATP or aCSF. The mIPSCs were abolished by 10 �M bicucculline. E, Plots
of the average frequency and amplitude of mIPSCs over time from experiments, such as those in D. F, Cumulative probability plots of mIPSC interevent interval and amplitude during applications of
aCSF and ATP from the experiments shown in E.
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modulating somatic GABAA receptors. This led to a decrease in
whole-cell recording quality; thus, in the context of the experiments
reported here that rely on reliable measurements of mIPSCs, iver-
mectin was not useful to identify P2X4 receptors.

Regulation of the P2X4-mediated effect on presynaptic GABA
release by food deprivation and a satiety-related hormone
It is known that AgRP-NPY neurons drive food-seeking during
hunger states (Atasoy et al., 2012), prompting us to evaluate

Figure 7. Properties of ATP-evoked presynaptic mIPSC facilitation onto POMC neurons. A, Representative traces of mIPSCs before and during ATP applications. There is a clear increase in
frequency with no change in amplitude. B, Histograms summarize experiments where the ATP effect was evaluated under the indicated conditions. For these experiments, we used 10 �M PPADS,
nominally Ca 2� free solutions, and 30 �M MRS-2179. C, Representative trace of mIPSCs during a prolonged 2 min 100 �M ATP application. Bottom, Average mIPSC frequency and amplitude during
the recording before, during, and after ATP. D, Average frequency and amplitude of mIPSCs in response to five consecutive 20 s applications of 100 �M ATP or aCSF. The fifth application of ATP showed
little tachyphylaxis compared with the first application.
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whether presynaptic P2X4 receptor responses on the terminals of
NPY-AgRP neurons onto POMC neurons are dynamically regu-
lated by metabolic state. In normally fed mice, the mIPSC fre-
quency recorded from POMC neurons was significantly
increased by ATP (0.9 	 0.2 Hz before ATP application, 6.4 	 1.0
Hz during ATP application, p � 0.001; n 
 9 mice; Fig. 9A). In
fasted mice, mIPSC frequency recorded from POMC neurons
was also increased by ATP (1.2 	 0.3 Hz before ATP application,
3.8 	 0.7 Hz during ATP application, p � 0.001; n 
 10 mice; Fig.
9A). However, the increase of mIPSC frequency was significantly
diminished compared with normally fed mice (6.4 	 1.0 Hz in
normal fed mice, 3.8 	 0.7 Hz in fasted mice, p 
 0.037; n 
 10
mice; Fig. 9A). In many settings, leptin, a satiety hormone, regu-
lates energy homeostasis by inhibiting hunger (Friedman and
Halaas, 1998). We next tested whether leptin could reverse the
decreased ATP responses observed as a consequence of food de-
privation in fasted mice. In accord, mIPSC frequency during ATP
application from fasted mice with leptin injected 3 h before brain
slicing was not significantly different from that of normally fed
mice (6.4 	 1.0 Hz in normally fed mice, 5.8 	 0.8 Hz in fasted
mice with leptin injection, p 
 0.645; Fig. 9A), indicating that
leptin reversed the effect of fasting on the ATP-evoked GABA
release facilitation. mIPSC amplitudes were not significantly al-
tered by ATP in any of these conditions (normally fed, fasted, or
fasted plus leptin; Fig. 9B).

We next determined whether the metabolic state also regulated the
expression of tdTomato in P2rx4 tdTomato mice (Fig. 9C–E), as would
beexpectedifP2X4geneexpressionwereregulatedbyfooddeprivation.
tdTomato expression levels in neurons located �200 �m away from
medial eminence, and of tanycytes on the border of the third ventricle,
were measured in normally fed mice, fasted mice, and fasted mice in-
jected with leptin (Fig. 9C–E). In neurons and tanycytes, fasting signifi-
cantly reduced tdTomato expression, which is consistent with reduced
presynaptic P2X4 responses (Fig. 9A,B). Moreover, there was a trend
for leptin to reverse the effect of fasting on tdTomato expression in neu-
rons and tanycytes (Fig. 9D,E). This effect did not reach statistical sig-
nificance for neurons but was significant for tanycytes (Fig. 9D,E).
Together, the electrophysiological and imaging studies suggest that
P2X4 receptor expression and function are regulated by metabolic state
(fasting and a satiety related hormone).

Are P2X4 receptors involved in the control of feeding?
Because ATP increased GABA release from axon terminals of AgRP-
NPY neurons onto POMC neurons, we wondered whether this
mechanism could affect feeding in vivo. We infused 3 mM ATP in
vivo via guide cannulae implanted into the Arc and then measured
food intake for 1 h after delivery (Fig. 10A,B). To ensure correct
positioning, cannulae locations were verified in fixed brain sections
after the experiments (Fig. 10A). In addition, we infused ghrelin as a
positive control because intra-Arc injection of ghrelin significantly
increases food intake during the light period (Yang et al., 2015). We

confirmed that intra-Arc injection of 0.7 mM ghrelin increased food
intake (86 	 42 mg for vehicle control, 396 	 37 mg for ghrelin, p �
0.0001; Fig. 10B). However, infusion of ATP or ATP�S (3 mM) did
not affect food intake (Fig. 10B), even when potentially confounding
P2Y and adenosine receptors were blocked with MRS2179 and DP-
CPX, respectively, as a precaution (1 mM; Fig. 10B). We next tested
whether P2X4 knock-out mice displayed phenotypes that may indi-
cate altered feeding. Thus, we measured body weight, body length,
gonadal and perirenal fat, heart and kidney weight, and the loss and
gain in body weight during fasting and refeeding that may reveal
roles for P2X4 receptors in the regulation of feeding behaviors. In
this variety of well-established metrics of feeding, we found no dif-
ferences between wild-type and P2X4 knock-out mice (Fig. 10C–G).
Hence, our experiments provide ample evidence for presynaptic
P2X4 receptor-mediated facilitation of GABA release probability
from AgRP-NPY neurons onto POMC neurons, but disappoint-
ingly no evidence that this mechanism is involved in the regulation
of food intake on the basis of available whole-body P2X4 knock-out
mice.

Discussion
There are four main findings from this study. First, we made and
characterized a germline BAC transgenic mouse that expresses
tdTomato fluorescent proteins from the P2rx4 locus. These mice
were backcrossed with C57BL/6N mice. They reproduced as ex-
pected, displayed no overt phenotypic problems, but importantly
expressed tdTomato in sparse populations of cells throughout the
brain. Second, the pattern of tdTomato expression in the brain
matched that expected from seminal P2X4 mRNA distribution
studies (Buell et al., 1996; Collo et al., 1996) and as part of the
Allen Brain Atlas database (Table 1). This suggests that P2rx4
tdTomato mice provide a faithful readout of P2X4 mRNA-
expressing cells. Third, tdTomato expression levels were in-
creased markedly in microglia following in vivo LPS injections to
trigger microglial reactivity, implying that tdTomato expression
could be used as a measure of P2X4 gene regulation and micro-
glial activation per se. Fourth, we found abundant tdTomato
expression in the Arc; and by studying genetic crosses and func-
tional responses from both AgRP-NPY and POMC neurons, we
show that presynaptic P2X4 receptors regulate GABA release in a
manner that is calcium-dependent and regulated by metabolic
state. These findings may portend hitherto unanticipated roles of
P2X4 receptors and ATP signaling in the regulation of feeding, as
has been recently shown for UDP-glucose P2Y receptor signaling
(Steculorum et al., 2015). Overall, our study provides a much
needed and well-characterized transgenic mouse model to study
P2X4 receptor-expressing cells in the brain. We consider addi-
tional relevant points below.

We used a P2X4 BAC to drive tdTomato expression under the
control of P2X4 receptor gene’s regulatory elements. In the mod-
ified BAC, intact 5� and 3� flanking regions ensure faithful repre-
sentation of endogenous P2X4 gene expression, which was
corroborated by the empirical observations that tdTomato ex-
pression was consistent with the P2X4 mRNA distribution (Table
1) and upregulated in microglia following LPS injections (Tsuda
et al., 2003; Ulmann et al., 2008, 2010, 2013). A potential short-
coming of the BAC transgenic method, however, is that the strat-
egy may introduce copies of other genes within the BAC. In the
mouse genome, P2X4 and P2X7 receptor genes are adjacent, and
the P2X4 BAC we used also carries a copy of the P2X7 gene.
However, electrophysiological recordings from tdTomato-
positive neurons did not show any somatic ATP-evoked currents
that may indicate aberrant P2X7 expression in relation to wild-

Table 3. Comparison of presynaptic effects evoked by different ATP congeners
during recordings from POMC neurons in Arca

Frequency (Hz)

p

Amplitude (�pA)

p nControl � Agonist Control � Agonist

ATP 2.46 	 0.72 11.74 	 3.15 0.009 63.4 	 6.5 74.6 	 7.3 0.13 14
ATP�S 3.26 	 1.17 5.90 	 1.65 0.001 70.2 	 8.2 74.1 	 7.1 0.40 14
BzATP 3.69 	 2.26 3.38 	 1.96 0.43 59.4 	 12.1 57.9 	 9.0 0.84 6
�,�meATP 1.50 	 1.10 1.10 	 0.31 0.39 48.4 	 4.0 47.7 	 5.2 0.81 7
aAll the putative agonists were identically applied via a local puffer positioned near the neuron that was being
recorded by the whole-cell voltage-clamp method.
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type mice, and the P2X7 receptor agonist
BzATP did not increase mIPSC frequency
onto POMC neurons. Therefore, we
found no evidence for aberrant expres-
sion of P2X7 receptors in P2rx4 tdTomato
mice. We suggest this is because the P2X7
gene carries only a short 5� region in the
BAC we used to generate P2rx4 tdTomato
mice.

The availability of P2rx4 tdTomato
mice provided an opportunity to identify
and characterize P2X4-expressing cells in
the brain, which has proven challenging in
past work (see Introduction). Overall, the
pattern of tdTomato expression in the ol-
factory epithelium and brain was almost
identical to past studies of P2X4 mRNA
distribution (Buell et al., 1996; Collo et al.,
1996; Lein et al., 2007); and broadly
speaking, the sparse labeling observed in
the locus ceruleus, cortex, hippocampus,
and cerebellum matches the reported P2X
functional responses that have been de-
scribed in these areas (Shen and North,
1993; North, 2002; Khakh et al., 2003; Sim
et al., 2006; Pankratov et al., 2007; Baxter
et al., 2011). Additionally, increased mi-
croglial tdTomato expression following
LPS injections was expected, implying
that P2rx4 tdTomato reporter mice may
provide an optical readout of microglia
activation and of P2X4 gene regulation in
mouse models of neuropathy, epilepsy,
pain, and alcohol addiction (Tsuda et al.,
2003; Ulmann et al., 2010, 2013; Gofman
et al., 2014); that is, they may be of general
value in the study of microglia-associated
disease processes (Salter and Beggs, 2014).
Furthermore, the abundant expression of
tdTomato in AgRP-NPY neurons is con-
sistent with recently published RNAseq
data from Arc that show high levels of P2X4
mRNAs in AgRP-NPY neurons (Henry et
al., 2015). Based on these findings, we feel
confident that P2rx4 tdTomato mice could
be used to study P2X4-expressing cells in the
brain and periphery (especially in the Arc).
We note, however, that the BAC method
leaves open the possibility that cells express-
ing very few P2X4 receptors may not express
sufficient tdTomato for detection. Hence,
the positive result of tdTomato expression
in cells is the most readily interpretable, and
cells that have no detectable tdTomato
could conceivably still express few P2X4
transcripts or receptors (e.g., the striatum).
Additional methods are needed to study
these cells, and our findings need to be in-
terpreted with this cautionary note in mind.
For example, breeding the reporter mice to
homozygosity may conceivably boost ex-
pression of tdTomato to detectable levels in
some brain areas.

Figure 8. Properties of ATP-evoked presynaptic mIPSC facilitation onto PVN neurons. A, Schematic of the GABAergic projection
of tdTomato-positive neurons from the Arc to the PVN. The PVN neurons were targeted for whole-cell recording of mIPSCs. Right
panels, Confocal images of a PVN neuron filled with biocytin via the patch pipette. B, Representative trace of mIPSCs recorded from
a PVN neuron responding to 100 �M ATP. C, Representative trace of mIPSCs recorded from a PVN neuron that did not respond to 100
�M ATP. D, Average frequency and amplitudes of mIPSCs recorded from responding and nonresponding PVN neurons as shown in
B, C. E, Cumulative probability plots of mIPSC interevent intervals and amplitudes recorded from PVN neurons that responded
during applications of ATP. F, Histograms represent mIPSC frequency and amplitude from PVN neurons responding to ATP under
various conditions, including control, 10 �M PPADS, and nominally Ca 2� free solutions.
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Figure 9. Regulation of ATP-evoked mIPSC facilitation onto POMC neurons and tdTomato expression in AgRP-NPY neurons by metabolic state. A, Representative traces of mIPSCs before and
during ATP applications recorded from POMC neurons in normally fed mice, fasted mice, and fasted mice injected with leptin (1 �g/g) 3 h before the experiments. B, Summary of mIPSC frequency
and amplitude from experiments, such as those in A. C, Representative tdTomato IHC images for Arc from normally fed mice, fasted mice, and fasted mice injected with leptin. Dotted lines indicate
the area in which tdTomato intensity was measured. D, E, tdTomato intensity in neurons (D) and tanycytes (C) from experiments, such as those shown in C.
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We identified tdTomato-expressing neurons in Arc as AgRP-
NPY neurons. However, there were few, if any, functional P2X4
receptors on the somata of Arc neurons; there was also no evi-
dence for fast ATP synaptic transmission in this nucleus. These
observations are similar to findings in other, but not all, brain
areas and suggest that P2X4 receptors are trafficked to presynap-

tic terminals (Khakh and North, 2012). By exploiting these in-
sights, we provide evidence that GABA release probability onto
POMC neurons from AgRP-NPY neuron terminals was in-
creased by ATP acting on presynaptic P2X4 receptors in a man-
ner that was strongly modulated by metabolic state and was due
to calcium fluxes. Presynaptic expression of P2X4 receptors was

Figure 10. Assessment of feeding in response to ATP and in P2X4 knock-out mice. A, Schematic illustrating the location of the guide cannula and injector for intra-Arc ATP and ghrelin injections.
Top, Bilateral guide cannula and injectors projecting out of the cannula implanted in the mouse brain. Bottom, Track of the bilateral cannula with injectors, as marked by green dotted lines in relation
to Arc (red). B, Food intake (top graphs) or food intake as a percentage of body weight (bottom graphs) during a 1 h period after bilateral delivery of 500 nl ghrelin (0.7 mM), ATP (3 mM), ATP (3 mM)
plus MRS2179 (1 mM), and DPCPX (1 mM) or ATP�S (3 mM). C, D, Body weight (C) and length (D) of 2-month-old wild-type and P2X4 knock-out mice. E, Plot of gonadal fat, perirenal fat, heart, and
kidney weights from 2-month-old wild-type and P2X4 knock-out mice. F, Body weights of wild-type and P2X4 knock-out mice before, during, and after fasting. G, Plot of food intake for wild-type
and P2X4 knock-out mice before and after fasting.
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first suggested soon after the receptors were cloned (Lê et al.,
1998); our data extend these insights to the Arc with functional
evaluations. However, despite the known association of AgRP-
NPY neurons with regulation of food intake, we failed to find a
P2X4-associated feeding phenotype in vivo under the experimen-
tal conditions we tested. We report these data in Figure 10 and
discuss relevant considerations below.

In future studies, it would be valuable to map additional in-
puts to both AgRP-NPY and POMC neurons and explore expres-
sion of P2X4 and potentially other P2X and P2Y receptors in
these pathways (Pollatzek et al., 2016). Such detailed understand-
ing of ATP effects within the Arc is needed to form specific hy-
potheses on the potential roles that ATP signaling may play
within this and other hypothalamic nuclei (Stojilkovic, 2009).
Thus, although ATP facilitation of GABA release onto POMC
neurons would be expected to inhibit POMC neurons and drive
feeding, we failed to find any evidence that ATP regulated feeding
either when ATP was applied within the Arc in vivo or when P2X4
receptors were genetically deleted. A more detailed understand-
ing of ATP and GABA signaling in the Arc is needed to under-
stand these differences. For example, it is possible that the ATP-
evoked GABA synaptic events are not inhibitory in POMC
neurons, which may explain the lack of in vivo phenotype in
relation to feeding (as far as we know, the Cl� equilibrium po-
tential in POMC neuron dendrites in vivo is unknown). Another
possibility is that the POMC neurons that are presynaptically
facilitated by P2X4 do not regulate feeding. Although the present
feeding evaluations were done in males, in females a population
of POMC neurons projects to the medial preoptic area to regulate
sexual receptivity (Mills et al., 2004). Indeed, GABA has been
implicated in the activity of the AgRP-NPY-to-POMC microcir-
cuit regulating this behavior (Sinchak et al., 2013). Moreover, the
function of presynaptic P2X4 receptors may be to mediate ho-
meostatic plasticity and/or synaptic scaling and thus not be di-
rectly involved in triggering POMC action potential firing. Such
roles would be consistent with the proposed functions of minia-
ture synaptic events (Kavalali, 2015) and with recent studies on
postsynaptic P2X receptors in the hippocampus (Sim et al., 2006;
Baxter et al., 2011; Pougnet et al., 2014). Future studies could
explore the role of P2X4 receptors in presynaptic forms of synap-
tic plasticity in Arc. Another possibility is that Arc expresses ad-
ditional receptors, such as postsynaptic metabotropic P2Y
receptors, which are electrophysiologically silent in our whole-
cell recordings but regulate POMC neurons nonetheless and thus
mask the in vivo effects of ATP. Selective P2X4 agonists, which
currently do not exist, are needed to address this possibility. Fi-
nally, perhaps the simplest explanation for the lack of feeding
phenotype in the P2X4 knock-out mice is that they display com-
pensation during the course of development such that feeding
behavior was largely normal in adulthood. From an evolutionary
standpoint, feeding is a very robust behavior, and this could ex-
plain why past work with NPY and AgRP single- and double-
knock-out mice also showed no feeding phenotype (Qian et al.,
2002), even though both NPY and AgRP are critical regulators of
feeding and Arc neuron function (Ollmann et al., 1997; Levine et
al., 2004). Hence, roles for P2X4 receptors in feeding need to be
further explored by conditional P2X4 receptor deletion within
AgRP-NPY neurons in fully developed adult mice, and with se-
lective P2X4 agonists and antagonists when they become avail-
able. Our findings provide the basis for these future studies to
comprehensively explore P2X4 receptor signaling and feeding.

Most importantly, our studies provide thoroughly charac-
terized tdTomato reporter mice with which to study P2X4

receptor-expressing cells throughout the body, including
within the nervous system.
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