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Asprosin promotes feeding through SK channel–
dependent activation of AgRP neurons
Bing Feng1†, Hesong Liu2†, Ila Mishra3†, Clemens Duerrschmid4, Peiyu Gao1, Pingwen Xu5*,
Chunmei Wang2*, Yanlin He1*

Asprosin, a recently identified adipokine, activates agouti-related peptide (AgRP) neurons in the arcuate nucleus
of the hypothalamus (ARH) via binding to protein tyrosine phosphatase receptor δ (Ptprd) to increase food
intake. However, the intracellular mechanisms responsible for asprosin/Ptprd-mediated activation of AgRPARH

neurons remain unknown. Here, we demonstrate that the small-conductance calcium-activated potassium (SK)
channel is required for the stimulatory effects of asprosin/Ptprd on AgRPARH neurons. Specifically, we found that
deficiency or elevation of circulating asprosin increased or decreased the SK current in AgRPARH neurons, respec-
tively. AgRPARH-specific deletion of SK3 (an SK channel subtype highly expressed in AgRPARH neurons) blocked
asprosin-induced AgRPARH activation and overeating. Furthermore, pharmacological blockade, genetic knock-
down, or knockout of Ptprd abolished asprosin’s effects on the SK current and AgRPARH neuronal activity. There-
fore, our results demonstrated an essential asprosin-Ptprd-SK3 mechanism in asprosin-induced AgRPARH

activation and hyperphagia, which is a potential therapeutic target for the treatment of obesity.
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INTRODUCTION
Asprosin, a recently identified fasting-induced orexigenic hormone,
was first found by A. Chopra in 2016 through studying a rare genetic
disease called neonatal progeroid syndrome (NPS) (1). Using
whole-exome sequencing, Chopra and colleagues (1) identified
the responsible genetic mutations, which prevent patients with
NPS from generating a previously unknown hormone, asprosin. Pa-
tients with NPS have significantly lower levels of asprosin in the cir-
culation compared to age- and sex-matched control subjects,
associated with hypophagia, extremely low body mass index
(BMI), and high insulin sensitivity (2), suggesting a potential met-
abolic role of asprosin.

Subsequently, to further study NPS, a transgenic mouse model
with the same loss-of-function mutation in one allele of the aspro-
sin-encoded gene, fibrillin 1(Fbn1NPS/+), was generated. Similar to
those observed in human patients with NPS, Fbn1NPS/+ mutation
results in decreased circulating asprosin, which is associated with
hypophagia, leanness, and insulin sensitivity (1–5). Conversely, re-
plenishing active asprosin in vivo to Fbn1NPS/+ mice rescues these
phenotypes (2). These animal studies provide direct evidence to
support the vital role of asprosin in energy balance and glucose ho-
meostasis. Notably, it has been shown that circulating asprosin can
cross the blood-brain barrier, and fasting increases the levels of as-
prosin in the cerebrospinal fluid (CSF) (2). Mechanistically, we
found that asprosin activates the agouti-related peptide (AgRP)–re-
leasing neurons in the arcuate nucleus of the hypothalamus
(AgRPARH) to promote appetite (2). However, the intracellular

mechanism by which asprosin activates the AgRPARH neuronal ac-
tivity is still not fully understood.

In 2019, three years after the discovery of asprosin, Li et al. (6)
first identified an olfactory G protein–coupled receptor, OR4M1
(Olfr734 is the mouse ortholog), as the hepatic asprosin receptor re-
sponsible for asprosin-mediated hepatic glucose release. More re-
cently, protein tyrosine phosphatase receptor δ (Ptprd), a
membrane-bound phosphatase receptor, was identified as the orexi-
genic asprosin receptor in AgRPARH neurons (7). Ptprd does not
contribute to asprosin-mediated hepatic glucose release, and
Olfr734 is not involved in asprosin-mediated orexigenic, suggesting
that asprosin uses two distinct receptors for its core functions (7).
The essential role of Ptprd in appetite regulation has been demon-
strated by several studies using transgenic mice. For example, both
male and female mice with congenital global deletion of Ptprd
(Ptprd−/−) were much leaner and ate significantly less than their
wild-type (WT) littermates. Consistently, specific deletion of
Ptprd in AgRPARH neurons, either constitutively or in adulthood,
protects animals from diet-induced obesity, suggesting potential
therapeutic value.

The small-conductance calcium-activated potassium (SK)
channel is a subfamily of Ca2+-activated K+ channels (8–10). The
opening of SK channels allows potassium outflux, which is believed
to constitute a large portion of the afterhyperpolarization (11). The
SK channel family consists of four members, SK1, SK2, SK3, and
SK4, widely expressed in many different tissues (10–13). SK3
(encoded by the Kcnn3 gene) is abundantly expressed in the ARH
and regulates proopiomelanocortin (POMC) activity and energy
homeostasis (10, 14), while the levels of other isoforms (SK1,
SK2, and SK4) in the ARH are minimal (15, 16). We and others re-
ported that SK3 mRNA levels in AgRP/neuropeptide Y (NPY)
neurons markedly decline after 24 hours of food deprivation and
that pharmacological inhibition of SK currents can activate
AgRP/NPY neurons (16, 17). We previously reported that food dep-
rivation suppresses SK3 expression in AgRPARH neurons, and the
decreased SK3-mediated currents contribute to the fasting-
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induced activation of AgRPARH neurons. Selective knockout (KO)
of SK3 from AgRPARH neurons increased sensitivity to diet-
induced obesity, which is associated with chronic hyperphagia
and reduced energy expenditure in mice (17). Together, SK3 ex-
pressed by AgRPARH neurons plays an important role in regulating
food intake and body weight balance. In this current follow-up
study of asprosin, we found that asprosin significantly inhibits SK
currents via the Ptprd signaling in AgRPARH neurons. Thus, we hy-
pothesize that asprosin regulates the AgRPARH neuronal firing ac-
tivity by targeting the SK3 ion channel via Ptprd signaling.

The current study used pharmacologic and genetic mouse
models with asprosin deficiency or surplus to investigate asprosin’s
effects on SK current and AgRPARH neuronal activity. Mice with
SK3 selectively deleted from AgRPARH neurons were further used
to examine the roles of SK3 in the stimulatory effects of asprosin
on AgRPARH neurons and food intake. Last, we pharmacologically
blocked Ptprd signaling or selectively knocked down/out Ptprd in
AgRPARH neurons to explore the requirement of Ptprd for asprosin-
mediated effects on SK current and AgRPARH neuronal activity.

RESULTS
Asprosin deficiency and surplus regulate SK current and
activity of AgRPARH neurons
We previously reported that asprosin activates AgRPARH neurons to
promote food intake after fasting (2). To identify the intracellular
mechanism by which asprosin activates AgRPARH neurons, we
crossed Fbn1NPS/+ mice [a mouse strain carrying a mutated Fbn1
allele that produces symptoms mimicking those of human patients
with NPS (2)] with AgRP-Cre/Rosa26-LSL-tdTOMATO mice (this
mouse strain has all AgRP neurons labeled with tdTOMATO re-
porter) to generate Fbn1NPS/+/AgRP-Cre/Rosa26-LSL-tdTOMATO
mice and control WT/AgRP-Cre/Rosa26-LSL-tdTOMATO mice
(Fig. 1A). We then electrophysiologically characterized AgRPARH

neurons from mice with normal (WT) or diminished (Fbn1NPS/+)
plasma asprosin under fed or fasted conditions (Fig. 1B). Our
results indicated that the SK currents in AgRPARH neurons were in-
creased in asprosin-deficient mice compared to their control litter-
mates under both fed and fasted conditions (Fig. 1, C and D).
Notably, compared to the fed condition, fasting significantly
reduced the SK currents in WT control mice but not in the aspro-
sin-deficient mice (Fig. 1D), suggesting that asprosin is necessary
for the inhibitory effects of fasting on SK currents. Consistently,
both action potential (AP) firing frequency and resting membrane
potential of AgRPARH neurons were significantly reduced in aspro-
sin-deficient mice under fed conditions (Fig. 1, E to G), indicating a
baseline hyperpolarization. Fasting-induced increases in firing fre-
quency and resting membrane potential of AgRPARH neurons were
blocked by asprosin depletion (Fig. 1, E to G), indicating impaired
natural dynamics of AgRPARH neuronal activity. Together, we con-
clude that asprosin is necessary for the fasting-induced inhibitory
effect on the SK current and that asprosin is necessary for baseline
activity and fasting-induced activation of AgRPARH neurons.

To further confirm whether asprosin directly inhibits SK cur-
rents in AgRPARH neurons, we incubated the AgRPARH neurons
with a cocktail of synaptic blockers [1 μM tetrodotoxin (TTX), 30
μM 6-cyano-7-nitroquinoxaline-2,3-dione, 30 μM D-(-)-2-Amino-
5-phosphonopentanoic acid (D-AP5), and 50 μM bicuculline] (2,
18, 19) to block the synaptic input from their upstream neurons.

The SK current amplitude in AgRPARH neurons under fed condi-
tion did not show a significant difference with or without synaptic
blockers (Fig. 1D and fig. S1B). In the presence of the synaptic
blockers, asprosin still inhibited the SK currents and depolarized
the resting membrane potential in AgRPARH neurons (fig. S1, A
to E). These data indicate that asprosin directly inhibits SK currents
and activates AgRPARH neurons.

To investigate the in vivo effects of asprosin, we generated an as-
prosin overexpression mouse model by tail vein injection of adeno-
associated virus 8 (AAV8) encoding human cleaved asprosin [with
an interleukin-2 (IL-2) signal peptide to promote secretion] as we
described previously (Fig. 2A) (7). Two, 4, 6, and 8 weeks after virus
injection, the mice were euthanized during the fed condition in the
early mornings, and the SK current and neuronal firing activity of
the AgRPARH neurons were recorded. Opposite to the observations
from asprosin-deficient mice, we found that asprosin overexpres-
sion decreased the SK current and increased the firing frequency
and depolarized resting membrane potential of AgRPARH neurons
at 4, 6, and 8 weeks after virus injection, respectively (Fig. 2, B to D).
Notably, these electrophysiological changes were associated with in-
creased circulating asprosin (fig. S2A), body weight gain, hyperpha-
gia, and glucose intolerance (Fig. 2, E to I). Eight weeks after virus
injection, asprosin overexpression decreased the protein levels of
the SK3 channel but not Ptprd, an orexigenic asprosin receptor
(7), in AgRPARH neurons (fig. S2, B to E). These data exclude the
potential counterregulatory response at the level of Ptprd. The de-
crease in SK3 protein is consistent with our previous observations
that food deprivation suppresses SK3 expression in AgRP/NPY
neurons (17). Considering the potential role of asprosin in the reg-
ulatory effects of food deprivation on AgRP neurons, the decreased
SK3 protein is presumed to implicate the inhibitory effects of
chronic asprosin action on SK3 expression. Together, prolonged in-
creases in circulating asprosin inhibit SK current in AgRPARH

neurons, which is associated with a corresponding rise in
AgRPARH neuronal activity, hyperphagia, body weight gain, and
glucose intolerance.

SK current and AgRPARH neuronal activity can be
modulated in both directions via pharmacologic asprosin
manipulation
Patients with NPS are known to have low levels of asprosin in the
circulation, potentially contributing to their hypophagia and ex-
tremely low BMI (2, 20–23). Fbn1NPS/+ mice engineered to harbor
the NPS mutation faithfully mimic all these features and provide a
model to test the potential for treatment/rescue with asprosin re-
plenishment. Here, we explored this hypothesis, specifically focus-
ing on the SK current and AgRPARH neuronal activity. First, we ex
vivo recorded the responses of AgRPARH neurons to the treatment
of recombinant asprosin (1-hour incubation) or an irrelevant
control protein [green fluorescent protein (GFP)] in brain slices
from WT control and Fbn1NPS/+ mice (Fig. 3A). Consistent with
our previous observation (Fig. 1, C to G), AgRPARH neurons from
Fbn1NPS/+mice showed an increase in the SK current and a decrease
in firing frequency and resting membrane potential (Fig. 3, B to D)
compared with these neurons from control mice. Notably, recom-
binant asprosin treatment restored the SK current, resting mem-
brane potential, and activity of AgRPARH neuron to near WT
control levels in Fbn1NPS/+ mice (Fig. 3, B to D), suggesting a
causal role for asprosin deficiency in the observed elevated SK
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current in Fbn1NPS/+ mice. Next, to test the in vivo effect of recom-
binant asprosin, we intraperitoneally injected immunoglobulin G
(IgG) or recombinant asprosin in the Fbn1NPS/+mice. The following
morning, the brain sections containing AgRPARH neurons were col-
lected for the electrophysiology recording (Fig. 3E). In vivo systemi-
cally replenishing asprosin in Fbn1NPS/+ mice significantly reduced
the SK current and increased the firing frequency and resting mem-
brane potential of AgRPARH neurons compared to the control IgG
injected in the Fbn1NPS/+mice (Fig. 3, E to H). These results indicate
a potential role of AgRPARH/SK signaling in the therapeutic bene-
ficial metabolic effects of asprosin in patients with NPS.

In the opposite direction, obese patients have been shown to
have high levels of asprosin in the circulation, associated with hy-
perphagia and body weight gain (4, 24–31). On the basis of these
observations, it is also promising to use an asprosin-neutralizing an-
tibody to sequester asprosin-mediated orexigenic effects immuno-
logically. Next, we tested whether up- or down-regulation of plasma
asprosin in WT control mice can produce corresponding changes in
SK current and AgRPARH neuronal activity. Specifically, we intra-
peritoneally injected WT mice with recombinant asprosin, an
anti-asprosin-neutralizing monoclonal antibody (mAb), or IgG
(Fig. 3I). The asprosin-neutralizing antibody can bind to the
active asprosin protein and reduce the circulation levels of asprosin
(2, 32), and the IgG is an irrelevant antibody that served as a control
for both treatments. We found that up-regulation of plasma aspro-
sin inhibited the SK current and increased the AgRPARH neuronal
activity (Fig. 3, J to L). Conversely, an asprosin-neutralizing mAb
increased the SK current and inhibited AgRPARH neuronal activity

(Fig. 3, J to L) compared to the control IgG–injected mice. These
data indicate exquisite control of SK current and AgRPARH neuro-
nal activity by asprosin in both directions.

SK3 is required for the stimulatory effects of asprosin on
AgRPARH neurons and food intake
To directly test the requirement of SK current for asprosin-mediat-
ed AgRPARH neuron activation, we used awhole-cell patch-clamp to
record the responses of AgRPARH neurons to asprosin in the pres-
ence of an SK channel blocker (apamin) or an SK channel opener
(N-cyclohexyl-2-(3,5-dimethylpyrazol-1-yl)-6-methylpyrimidin-4-
amine, CyPPA) in ex vivo brain slices of WT mice (Fig. 4A). Con-
sistently, we found that asprosin puff treatment alone decreased SK
current and activated AgRPARH neurons. Afterward, the AgRPARH

neurons were bath applied with apamin or CyPPA for 4 min. As
expected, apamin significantly inhibited SK current and activated
AgRP neurons, while CyPPA did the opposite. Subsequently, we
performed a similar puff treatment of asprosin in the presence of
apamin or CyppA in the bath solution. We found that pharmaco-
logical inhibition (apamin) or activation (CyPPA) of the SK channel
abolished the stimulatory effects of asprosin on the firing frequency
and resting membrane potential of AgRPARH neurons. After we
washed out apamin or CyPPA, these asprosin-induced stimulations
were restored in AgRP neurons (Fig. 4, B to G, and fig. S3, A and B).
We speculate that the unresponsiveness of AgRPARH neurons to as-
prosin in the presence of CyPPA or apamin is presumed to impli-
cate the mode of interaction between asprosin and CyPPA or
apamin. As a classic positive gating modulator of SK channels,

Fig. 1. Asprosin deficiency increases SK current and inhibits AgRPARH neurons. (A) Schematic of AgRP-Cre/Rosa26-LSL-tdTOMATO and Fbn1NPS/+/AgRP-Cre/Rosa26-
LSL-tdTOMATO mouse models used for electrophysiology recordings. (B) A representative tdTOMATO-positive AgRP neuron under whole-cell patch-clamp recording.
Scale bar, 50 μm. (C) Top: representative SK current traces. Bottom: A published voltage protocol to detect the SK current in AgRP neurons. (D) Data analysis of SK current
amplitude in AgRPARH neurons (n = 14 from three different animals in each group) from the control or Fbn1NPS/+mice. N.S., not significant. (E) Representative AP traces in
the AgRPARH neurons recorded from the control or Fbn1NPS/+mice. (F) Data analysis of AP firing frequency and (G) restingmembrane potential in AgRPARH neurons (n = 18
from three different animals in each group) from the control or Fbn1NPS/+mice. Data are presented as means ± SEMwith individual datapoints. **P < 0.01 and ***P < 0.001
by two-tailed t test (D, F, and G).
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the stimulatory effects of CyPPA likely override the inhibitory
effects induced by asprosin on SK current. This is consistent with
a previous report that the actions of CyPPA dominate the effects of a
coapplied negative gating modulator, NS8593 (33). Conversely, as a
potent SK channel blocker, apamin possibly suppresses SK current
to a minimal level that no longer responds to asprosin’s inhibition.
Results from both directions suggest that inhibition of the SK
channel is required for asprosin-mediated AgRPARH neuron
activation.

To test this hypothesis in a genetic context, we recorded the re-
sponses of AgRPARH neurons to asprosin in mice with AgRPARH

neuron–specific deletion of the SK3 channel (SK3AgRP KO), the
primary subtype of the SK channel expressed in hypothalamic
AgRPARH neurons (Fig. 4H) (16, 17). Consistent with our previous
report (17), SK3AgRP KO resulted in the depletion of SK3 protein
(fig. S3, C and D), decreased SK current, depolarized resting mem-
brane potential, and increased amplified firing frequency in
AgRPARH neurons (Fig. 4, I to K). When SK3 was knocked out
from AgRPARH neurons, incubation of asprosin for 1 hour in the
bath solution failed to change the SK current and neuronal firing
activity when compared to GFP treatment (Fig. 4, I to K).
SK3AgRP KO blocked the inhibitory effects of asprosin-neutralizing
mAb on food intake (Fig. 4, L and M). Notably, ex vivo treatment of
ghrelin, another well-known orexigenic hormone activating
AgRPARH neurons (34–36), increased the firing frequency of
AgRPARH neurons in both WT and SK3AgRP KO mice without
changing SK current (fig. S4, A to D). Thus, despite a high baseline

level of AgRPARH neuronal activity upon SK3 deletion, AgRPARH

neurons remain capable of further activation in response to a differ-
ent orexigenic agent. These data suggest that the lack of response to
asprosin upon SK3 deletion is independent of the high baseline
AgRPARH neuronal activity resulting from the loss of SK3. Together,
these results indicate that inhibition of the SK3 channel is required
for asprosin-mediated AgRPARH neuron activation and appetite
stimulation.

Asprosin inhibits SK current via Ptprd expressed by
AgRPARH neurons
To test whether Ptprd, an asprosin receptor expressed by AgRPARH

neurons, mediates asprosin’s inhibitory effects on SK current, we
electrophysiologically recorded the responses of AgRPARH

neurons to asprosin in brain slices preincubated with 7-butoxy illu-
dalic acid analog (7-BIA) (10 μM; 10 min of preincubation), a selec-
tive Ptprd inhibitor (Fig. 5A). We found that pharmacologically
blocking Ptprd abolished asprosin-induced inhibition of the SK
current and stimulation of AgRPARH neuronal activity (Fig. 5, B
to D). Consistent with these ex vivo observations, we found that in-
traperitoneal injection of 7-BIA in the male C57BL/6 mice under
the fed condition reduced dark- and fast-induced food intake in
mice (Fig. 5, E to G).

As a second strategy, to avoid potential nonspecific impacts of
pharmacologic Ptprd inhibition, AgRPARH neuron–specific Ptprd
knockdown (KD) was accomplished genetically in adult mice. For
this, Agrp-Cre mice received a bilateral stereotaxic injection of two

Fig. 2. Asprosin surplus decreases SK current, activates AgRPARH neurons, and promotes feeding behavior. (A) Schematic of AAV-null and AAV-asprosin overex-
pression virus injected in AgRP-Cre/Rosa26-LSL-tdTOMATOmice. (B) Data analysis of SK current amplitude, (C) AP firing frequency, and (D) resting membrane potential in
AgRPARH neurons (n = 16 from three different animals in each group) after themice received AAV-null or AAV-asprosin for different weeks (n = 13 or 16 from three different
mice in each group). (E) Weekly bodyweight from the AAV-null–injected (n = 19) or AAV-asprosin–injected (n = 20) mice. (F) Average daily food intakemeasurements from
AAV-null–injected (n = 7) or AAV-asprosin–injected mice (n = 6). (G) Body weight of AAV-null–injected (n = 19) and AAV-asprosin–injected (n = 20) mice after 8 weeks
before the glucose tolerance test (GTT). (H) Blood glucose and (I) area under the curve in the GTT test of AAV-null (n = 19) and AAV-asprosin mice (n = 20). Data are
presented as means ± SEMwith individual datapoints. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by two-way ANOVA analysis followed by post hoc Sidak tests
(B to E and H) or by unpaired two-sample t test (F, G, and I).
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AAV8 viruses in the ARH (7). The first AAV expressed a Ptprd-spe-
cific small guide RNA (sgRNA) and a Cre-dependent GFP protein,
while the second AAV expressed a Cre-inducible cas9. As a result,
Ptprd was knocked down with the expression of both sgRNA and
Cas9 only in AgRPARH neurons. Control mice received the same
sgRNA as experimental mice; however, the Cre-inducible cas9
was replaced with Cre-inducible mCherry (fig. S5A). This approach
of knocking down Ptprd from AgRP neurons was previously vali-
dated in our 2022 publication (7). Four weeks after virus injection,
we electrophysiologically recorded the response of green (GFP,
PtprdAgRP KD)– or red (mCherry, control)–positive neurons in
the ARH to the treatment of asprosin in brain slices (fig. S5B).
We found that asprosin inhibited the SK current and stimulated
AgRPARH neuronal activity in control mice (fig. S5, C to E), as we
previously observed in WT mice. Conversely, all asprosin-induced
regulatory effects were abolished in PtprdAgRP KD mice (fig. S5, C to
E). These data indicate that Ptprd is necessary for asprosin’s regu-
latory effects on SK current and activity of AgRPARH neurons.

Although Ptprd-sgRNA/cas9 effectively knocks down the ex-
pression of Ptprd (7), there is still a certain percentage of Ptprd ex-
pression in the AgRPARH neurons. To further target these neurons,
we crossed Ptprdf/f [Ptprd tm2c(KOMP)Wtsi] (7) mice with AgRP-
Cre/Rosa26-LSL-tdTOMATOmice to generate a mouse model with
Ptprd selectively deleted from the AgRPARH neuron (PtprdAgRP KO)
(Fig. 6A). We used an anti-Ptprd antibody to validate that Ptprd was
selectively knocked out only in AgRPARH neurons (fig. S6, A and B).
Our electrophysiology data indicated that, when Ptprd was knocked
out from AgRPARH neurons, 30 nM asprosin puff treatment failed
to inhibit SK current, activate AgRPARH neuronal firing activity, or
depolarize the resting membrane potential (Fig. 6, B to F). We pre-
viously showed that asprosin/Ptprd signaling modulates the firing
activity of AgRP neurons via the adenosine 3′,5′-monophosphate
(cAMP)–dependent protein kinase (PKA) pathway (2, 32). To
further test whether asprosin inhibits SK current via the Ptprd/
PKA signal pathway, we recorded asprosin’s effects on SK current
and firing activity after pharmacologically blocking PKA by bath in-
cubation of 1 μM PKI (a potent, heat-stable, and specific PKA

Fig. 3. SK current and AgRPARH neuronal activity can be modulated in both directions via pharmacologic asprosin manipulation. (A) Schematic of brain slices
incubated with GFP or asprosin (1 hour) used for electrophysiology recordings from the AgRP-Cre/Rosa26-LSL-tdTOMATO (control) and Fbn1NPS/+/AgRP-Cre/Rosa26-LSL-
tdTOMATO (Fbn1NPS/+) mouse models. (B) Data analysis of SK current amplitude, (C) AP firing frequency, and (D) resting membrane potential in AgRPARH neurons (n = 16
from three different animals in each group) from the control or Fbn1NPS/+ mice. (E) Schematic of IgG or asprosin (Asp) injection in the Fbn1NPS/+/AgRP-Cre/Rosa26-LSL-
tdTOMATO mouse used for electrophysiology recordings. (F) Data analysis of SK current amplitude, (G) AP firing frequency, and (H) resting membrane potential in
AgRPARH neurons (n = 16 from three different animals in each group). (I) Schematic of IgG, mAb, or asprosin (Asp) injection in the AgRP-Cre/Rosa26-LSL-tdTOMATO
mouse used for electrophysiology recordings. (J) Data analysis of SK current amplitude, (K) AP firing frequency, and (L) resting membrane potential in AgRPARH

neurons (n = 19 from three different animals in each group). Data are presented as means ± SEM with individual datapoints. *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001 by unpaired two-sample t test (B to D, F to H, and J to L).
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inhibitor) (2, 37). We found that asprosin failed to reduce the SK
current and the firing activity in AgRPARH neurons in the presence
of PKI (fig. S6, C to E). Together, we conclude that asprosin acti-
vates AgRPARH neurons by inhibiting SK current via the Ptprd/
PKA signal pathway.

Genetic KO of SK3 from AgRPARH neurons abolished
asprosin’s effect in vivo
Last, we used fiber photometry to in vivo test whether asprosin ac-
tivates AgRPARH neurons via SK3. Specifically, AgRP-Cre (control)
and Kcnn3f/f/AgRP-Cre (SK3AgRP KO) mice were stereotaxically

injected with AAV-FLEX-GCaMP6f virus into the ARH (one
side). This will allow GCaMP6f to be selectively expressed in the
AgRPARH neurons in control and SK3AgRP KO mice. At the same
surgery, we implanted an optical fiber to target ARH and an intra-
cerebroventricular cannula to target the left ventricular (Fig. 7, A
and B, and fig. S7, A, B, D, and E). Four weeks after the surgery,
we intracerebroventricularly injected GFP (control) or 10 ng of as-
prosin and continuously recorded the GCaMP fluorescence from 5
min before to 20 min after infusion. During recording, food was
removed, and mice were under fed conditions. In the control
mice, GFP did not change, but 10 ng of asprosin significantly

Fig. 4. SK3 is required for the stimulatory effects of asprosin on AgRPARH neurons and food intake. (A) Schematic of AgRPARH neurons treated with or without
apamine or CyPPA for electrophysiology recordings. (B) Data analysis of SK current amplitude, (C) AP firing frequency, and (D) resting membrane potential in AgRPARH

neurons with or without apamin (n = 14 in each group). (E) Data analysis of SK current amplitude, (F) AP firing frequency, and (G) resting membrane potential in AgRPARH

neurons with or without CyPPA (n = 14 in each group). (H) Schematic of control or SK3AgRP KO neuron–containing brain slices incubated with GFP or asprosin for elec-
trophysiology recordings. (I) Data analysis of SK current amplitude, (J) AP firing frequency, and (K) restingmembrane potential in control or SK3AgRP KO neurons incubated
with GFP or asprosin (1-hour incubation). (L) Schematic of control or SK3AgRP KO mice that received IgG or mAb (intraperitoneal injection) under fed condition. (M) Food
intake at 1, 2, 4, 6, 12, and 24 hours after injection of IgG or mAb. Data are presented as means ± SEM with individual datapoints. **P < 0.01 and ****P < 0.0001 by paired
two-sample t test (B to G) or unpaired two-sample t test (I to K and M).
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increased the GCaMP signals in AgRPARH neurons (Fig. 7, C and
D), providing in vivo evidence to support the stimulatory effects
of asprosin on AgRPARH neurons. We also observed that a single
bolus intracerebroventricular infusion of asprosin significantly in-
creased 24-hour food intake in control mice (Fig. 7E), validating the
orexigenic effects. When SK3 was selectively knocked out from
AgRP neurons, asprosin failed to increase the GCaMP signals or
food intake (Fig. 7, F to H). Notably, we did not observe any
changes in signals from the isosbestic channel after asprosin infu-
sion (fig. S7, C and F), excluding potential effects induced by arti-
ficial interference. All these data reveal that asprosin activates
AgRPARH neurons to promote food intake through the SK3
ion channel.

DISCUSSION
In this study, we have identified that asprosin used SK3-mediated
potassium conductance to activate AgRPARH neurons and stimulate
appetite. The identity of the asprosin orexigenic receptor, Ptprd,
was recently reported (32). Our current data have confirmed the ne-
cessity of Ptprd for asprosin-mediated AgRPARH neuron activation.
Asprosin reduces the SK current in AgRPARH neurons under fasted
conditions via Ptprd. Pharmacologic and genetic blockade of Ptprd
in AgRPARH neurons abolishes asprosin-mediated modulation of
the SK current and AgRPARH neuronal activity under fed conditions
(Figs. 5, B to D, and 6, D to F, and fig. S5, C to E). This is consistent
with the fact that deletion of Ptprd renders mice unresponsive to the
orexigenic effects of exogenous asprosin and AgRPARH neurons

unresponsive to the activating effects of asprosin (7). Whether the
asprosin-Ptprd signaling axis in other brain regions also depends on
the modulation of the SK current is still an open question that war-
rants further studies. In AgRPARH neurons, however, the answer is
unequivocal: Modulation of the SK current, particularly through the
SK3 channel, is necessary for asprosin-mediated AgRPARH neuron
activation and appetite stimulation.

We previously reported that the dynamic expression of SK3
channels in AgRPARH neurons mediates the dynamic firing activi-
ties of these neurons during the fed-to-fasted transition (17). Aspro-
sin was also reported to be significantly increased in the circulation
and CSF after fasting as asprosin could cross the blood-brain barrier
(2), suggesting a potential link between asprosin and SK channels.
In the current study, we confirmed that asprosin induced SK3 level
changes during fasting. SK current was significantly increased in as-
prosin-deficient mice and mice with AgRPARH neuron–specific
Ptprd KO or KD. All these data indicate that the hunger hormone
asprosin regulates SK3 via Ptprd signaling.

However, it is still uncertain to which extent the AgRPARH

neurons depend on SK3 to respond to asprosin. On the basis of
several key findings, we speculate that a large portion of AgRPARH

neurons shows SK3 dependence on asprosin’s effects. First, most
AgRPARH neurons express SK3 (91%) based on our immunostain-
ing data from well-fed male WT mice (fig. S3). Second, our ex vivo
recording demonstrated that 64% of AgRPARH neurons are directly
activated by asprosin in the presence of synaptic blockers (fig. S1E),
consistent with the coexpression levels (68%) of Ptprd in AgRPARH

neurons. All these asprosin-responsive AgRP neurons have SK3

Fig. 5. Pharmacologically blocking Ptprd abolishes asprosin’s effect on AgRPARH neurons and reduces food intake inmice. (A) Schematic of asprosin incubation in
brain slices containing AgRPARH neurons pretreated with vehicle or 7-BIA from the AgRP-Cre/Rosa26-LSL-tdTOMATOmice. (B) Data analysis of SK current amplitude, (C) AP
firing frequency, and (D) restingmembrane potential in vehicle, vehicle mixed with asprosin, and 7-BIAmixed with asprosin groups (n = 18 from three different animals in
each group). (E) Schematic of vehicle or 7-BIA intraperitoneal injection in the C57BL/6J mice. (F) Overnight food intake after vehicle or 7-BIA injection in mice (n = 8). (G)
Six-hour refeeding food intake after 18 hours of overnight fasting from vehicle- or 7-BIA–injected mice (n = 8). Data are presented as means ± SEM with individual
datapoints. *P < 0.05, **P < 0.01, and ****P < 0.0001 by unpaired two-sample t test (B to D) or paired two-sample t test (F and G).
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current. Last, genetic deletion of SK3 or Ptprd in AgRPARH neurons
abolished the stimulatory effects of asprosin on all ex vivo recorded
AgRPARH neurons (Figs. 4, I to K, and 6, D to F) and in vivo record-
ed GCaMP signal from AgRPARH neurons (Fig. 7, F to H). One
caveat of the in vivo fiber photometry study is that artificial intra-
cerebroventricular infusion of asprosin may not fully recapitulate
the normal physiologic concentration and endogenous actions of
asprosin, which could be further addressed in future studies. On
the basis of all these data, we conclude that asprosin’s effect on
AgRP neurons highly depends on both Ptprd and SK3. Certainly,
SK3 may not be the only mediator for the dynamic changes in
AgRPARH neuronal firing activities. It is reported that a delayed rec-
tifier Kv channel (Kv7.3) can be modified by O-GlcNAc transferase
after food deprivation (38). Thus, we could not exclude the possi-
bility that asprosin may also regulate other ion channels via the
Ptprd in AgRPARH neurons.

It was reported that Ptprd is highly expressed in AgRPARH

neurons (16), and Ptprd is the asprosin receptor in AgRP neurons
(7). It was also reported that increased plasma asprosin through an
adenoviral-mediated approach failed to increase appetite in
Ptprd−/− mice compared with WT (7). Our current data further
confirmed that asprosin directly targets Ptprd in hypothalamic
AgRPARH neurons to activate AgRPARH neurons and feeding. We
showed that pharmacological and genetic blockage of Ptprd in
AgRPARH neurons abolished the activation of asprosin’s effect on
the excitation of AgRPARH neurons. Asprosin could no longer
inhibit SK current in AgRPARH neurons with the loss of Ptprd func-
tion. These results further support that Ptprd is upstream of SK

current, and asprosin activates AgRPARH neurons and feeding
through Ptprd-mediated inhibition of SK current. However, the
pathway from Ptprd to SK current warrants further studies. We pre-
viously showed that asprosin/Ptprd signaling modulates the firing
activity of AgRP neurons via the PKA pathway (2). The SK
channel has been reported to be inhibited by the cAMP-dependent
PKA pathway, which plays an integral role in SK channel gating
(39–43), suggesting a potential link between Ptprd and SK3 via
PKA. Consistently, we found that asprosin-induced inhibition of
SK current and stimulation of membrane potential and firing fre-
quency in AgRPARH neurons were abolished by cotreatment of PKI,
a selective PKA antagonist. These findings support a mediating role
of the PKA pathway in Ptprd’s inhibitory effects on the
SK3 channel.

Mechanistically, cAMP-dependent PKA signaling has been
shown to reduce SK current by suppressing cell surface expression
and nanoclusters of SK channels in neurons (44). PKA directly
phosphorylates SK channels at multiple sites to remove them
from the cell surface and restrict them in the endoplasmic reticulum
(41). With tonic cAMP-PKA levels, SK channels are primarily
located in dendrites with a limited expression on somatic mem-
branes (45, 46). Most somatic SK channels (SK1, SK2, and SK3)
are internalized and retained on the rough endoplasmic reticulum
(45, 47, 48). The pharmacological blockade of PKA signaling in-
creases the somatic surface expression of SK channels by redistrib-
uting intracellular SK channels to the membrane (44), suggesting a
regulatory role of PKA on the membrane location of SK channels.
The asprosin/Ptprd axis likely activates the cAMP-PKA pathway to

Fig. 6. Selective deletion of Ptprd from AgRPARH neurons abolishes asprosin-induced SK current inhibition and neural activation. (A) Schematic of AgRP-Cre/
Rosa26-LSL-tdTOMATO (control) or Ptprdf/f/AgRP-Cre/Rosa26-LSL-tdTOMATO mice (PtprdAgRP KO) for electrophysiology recordings. (B) Representative SK current traces
from control and PtprdAgRP KO neurons. (C) Representative AP firing traces from control and PtprdAgRP KO neurons. (D) Data analysis of SK current amplitude, (E) AP
firing frequency, and (F) restingmembrane potential in control or PtprdAgRP KO neurons after asprosin puff treatment (1 s, 30 nM; n = 13 or 19 from three different animals
in each group). Data are presented as means ± SEM with individual datapoints. ****P < 0.0001 by paired two-sample t test (D to F).
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internalize the SK3 channel and to limit the membrane availability
of SK3 channel. Notably, inhibition of PKA has also been reported
to promote the transition from single entities to a group of multiple
SK channels in nanodomains on the cell surface, suggesting en-
hanced conductance (44). Hence, it is also possible that the aspro-
sin/Ptprd axis activates PKA to increase the percentage of the single
SK channel in nanodomains, resulting in reduced conductance.
These potential rapid mechanisms are consistent with our observa-
tions that the puff treatment of asprosin inhibits SK current within
minutes (figs. S1A and S6C). However, further studies are warrant-
ed to clarify the specific mechanism by which asprosin/Ptprd/PKA
axis modulates SK current.

Another interesting finding is that chronically increased circulat-
ing asprosin by AAV vector infection significantly reduced the
protein expression of SK3 in the AgRPARH neurons, suggesting

inhibitory effects of asprosin on SK3 expression. Although the as-
prosin/Ptprd/PKA axis likely contributes to enhanced SK channel
activity via posttranslational modifications (phosphorylation), as
far as we know, there are limited reports on the regulatory effects
of PKA on SK channel expression. Several studies instead demon-
strate the dissociation of functional up-regulation of membrane SK
channel and increased expression levels of SK channel (43, 49, 50).
The asprosin-induced inhibition of SK3 expression (chronic re-
sponse) may be mediated through an intracellular mechanism inde-
pendent of PKA signaling (acute response). Future research efforts
will be needed to further investigate the potential mechanisms me-
diating the role of asprosin in SK3 channel expression.

Notably, the activities of AgRPARH neurons are tightly regulated
by nutritional status. For example, AgRPARH neurons in satiated
animals are inhibited and are less sensitive to food cues (51, 52).

Fig. 7. Selective deletion of SK3 from AgRPARH neurons abolished asprosin’s effect in vivo. (A and B) Schematic of intracerebroventricular (i.c.v.) cannulation and
optical fiber implantation in AgRP-Cre (control) or Kcnn3f/f/AgRP-Cre (SK3AgRP KO) for fiber photometry recordings. (C) Representative GCaMP6 fluorescence traces from
control mice after intracerebroventricular injection of GFP or asprosin. (D) Data analysis of GCaMP6 fluorescence from control mice after intracerebroventricular injection
of GFP or asprosin at 0, 5, 10, 15, and 20 min (n = 5 in each group). (E) Twenty-four-hour food intake in the control mice after intracerebroventricular injection of GFP or
asprosin (n = 5 in each group). (F) Representative GCaMP6 fluorescence traces from SK3AgRP KO mice after intracerebroventricular injection of GFP or asprosin. (G) Data
analysis of GCaMP6 fluorescence from SK3AgRP KO mice at 0, 5, 10, 15, and 20 min after intracerebroventricular injection of GFP or asprosin (n = 5 in each group). (H)
Twenty-four-hour food intake in the SK3AgRP KO mice after intracerebroventricular injection of GFP or asprosin (n = 5 in each group). Data are presented as means ± SEM
with individual data points. **P < 0.01, ***P < 0.001, and ****P < 0.0001 by two-way ANOVA analysis followed by post hoc Sidak tests (D and E).
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On the other hand, fasting enhances AgRPARH neuronal activity (2,
17, 52), which promotes food intake. Asprosin is reported to be el-
evated in fasted animals (1, 2). AgRPARH neuronal activity and as-
sociated appetite stimulation during fasting appear to depend on
asprosin-Ptprd signaling (7). Another well-known hormone that
up-regulates AgRPARH neuronal activity and stimulates appetite,
ghrelin, has no impact whatsoever on SK current in AgRPARH

neurons nor does it require SK3 to activate AgRPARH neurons.
This suggests that the use of the SK current and the SK3 channel
is unique to asprosin’s mechanism of action, providing a clear de-
parture from that of ghrelin’s.

Besides AgRP neurons, many other hypothalamic neurons also
play important roles in feeding and glucose balance. We have pre-
viously reported that asprosin failed to directly regulate some
neuron types including POMC-expressing neurons, serotonin
neurons, dopamine neurons, steroidogenic factor-1 neurons, and
neuron populations in the paraventricular hypothalamic nucleus
neurons (2), which are relevant for feeding and glucose homeosta-
sis. However, some other neuron types—including the cannabinoid
receptor 1–expressing neurons (53), pituitary adenylate cyclase–ac-
tivating polypeptide–releasing neurons (54), neuronal nitric oxide
synthase–expressing neurons (55, 56), and brain-derived neurotro-
phic factor–releasing neurons (57)—in the ventral medial of hypo-
thalamus (VMH) have been identified for the regulation of food
intake, glucose homeostasis, and energy expenditure. It is possible
that apsrosin also acts on those VMH neuron populations to further
regulate feeding behavior and glucose homeostasis. Recent studies
revealed that γ-aminobutyric acid (GABA)–releasing neurons in the
lateral hypothalamus are associated with feeding behavior (58). Op-
togenetic stimulation of mouse zona incerta (ZI) GABA neurons
immediately evoked binge-like eating within 2 to 3 s (59). When
ZI GABA neurons were ablated, animals displayed reduced body
weight (59). Thus, it will be interesting to further validate whether
asprosin could act on those hypothalamic GABA neurons to regu-
late feeding behavior and body weight gain.

In summary, our results support a model where the hunger
hormone asprosin regulates SK3 in AgRPARH neurons to promote
feeding via the Ptprd/PKA signal pathway. On one hand, when
animals are satiated, a low level of asprosin in the plasma maintains
SK3 at a high level in AgRPARH neurons, leading to their inhibition
and likely preventing animals from overeating. On the other hand,
when animals are fasted, increased asprosin in the plasma reduces
SK3-mediated current in AgRPARH neurons to stimulate AgRPARH

neuronal firing activity and stimulate appetite (Fig. 8). Selective de-
letion of Ptprd or SK3 in AgRPARH neurons abolishes these aspro-
sin-mediated effects. Identification of the underlying current and
specific ion channel for asprosin-Ptprd mediated AgRPARH neuro-
nal activity and orexigenic effects is a major step forward in our un-
derstanding of mammalian energy balance regulation. It also
provides an additional target for pharmacologic manipulation for
the treatment of obesity and metabolic syndrome.

MATERIALS AND METHODS
Mice
WT C57BL/6 mice (WT mice; JAX #000664), Rosa26-LSL-tdTO-
MATO or Ai14 mice (Jackson Laboratory, JAX #007914), AgRP-
Cre [C57BL/6-Agrptm1(cre) Lowl or Agrp-IRES-Cre; Jackson Lab-
oratory, JAX #012899], Fbn1NPS/+ (2) (C57BL/6-Fbn1em1Chop/J;

Jackson Laboratory, JAX #033548), and Kcnn3f/f mice (60)
(Jackson Laboratory, JAX #019083) were purchased from The
Jackson Laboratory. We crossed the Kcnn3f/f mice with recently ta-
moxifen-inducible AgRP-CreERT2 mice (35) to generate Kcnn3f/f/
AgRP-CreERT2 (SK3AgRP KO) and their control littermates
(Kcnn3f/+/AgRP-CreERT2 and Kcnn3+/+/AgRP-CreERT2). Homo-
zygous, conditionally ready floxed mice Ptprdf/f [Ptprd
tm2c(KOMP)Wtsi] (7) were mated with AgRP-Cre to create AgRP
neuron–specific KO of Ptprd (PtprdAgRP KO). Kcnn3f/f mice were
crossed with AgRP-Cre to generate the Kcnn3f/f/AgRP-Cre
(SK3AgRP KO) mice for the fiber photometry experiment. In some
breedings, we also introduced the Rosa26-tdTOMATO allele onto
AgRP-Cre, Ptprdf/f/AgRP-Cre, AgRP-CreERT2, and Kcnn3f/f/AgRP-
CreERT2 mice, respectively. These crosses generated control,
PtprdAgRP KO, and SK3AgRP KO mice with TOMATO selectively ex-
pressed in AgRPARH neurons (after tamoxifen inductions). These
mice were used for electrophysiological studies. For conditional
KO of Ptprd in adult mice, CRISPR-cas9–mediated unilateral and
bilateral KO was done in AgRP-Cre mice.

Mice were housed in microventilators on a 12-hour light cycle
and were fed normal chow (5V5R or 5015, Lab Supply). Animal
housing, husbandry, and euthanasia were conducted under
animal protocols approved by the Institutional Animal Care and
Use Committee of Baylor College of Medicine, Pennington Bio-
medical Research Center, and Case Western Reserve University.

KD of Ptprd in AgRPARH neurons in adult mice
CRISPR-Cas9 approach was used for unilateral and bilateral disrup-
tion of Ptprd selectively in AgRP+ neurons as we reported previous-
ly (7). Briefly, targeting efficiency of sgRNA GTCAGCAACCAGA
GATTTGA against Ptprdwas tested and confirmed with TIDE anal-
ysis (61) before being cloned into AAV-ITR-U6-sgRNA plasmid. To
knock down Ptprd only in AgRPARH neurons, AgRP-Cremale mice
(10 to 12 weeks of age) received stereotaxic injections of AAV-
FLEX-saCas9 (Vector Biolabs, #7122) with AAV-Ptprd/sgRNA-
FLEX-GFP on one side and AAV-Ptprd/sgRNA-FLEX-GFP with
AAV-mCherry (no Cas9) virus on the other side in the ARH. Six
weeks after the stereotaxic injections, electrophysiology recordings
in GFP-labeled AgRP+ neurons from each side of ARH (control
versus Ptprd-KD side) were performed.

Electrophysiology
AgRPARH neuron labeling and electrophysiology experiments were
performed as previously described (2, 7, 17). Briefly, to identify
AgRPARH neurons, we crossed the Rosa26-LSL-tdTOMATO (JAX
#007914) mice with AgRP-Cre mice (JAX #012899) to generate
AgRP-Cre/Rosa26-LSL-tdTOMATO mice, which express
TOMATO selectively in AgRPARH neurons. In some experiments,
we also crossed Fbn1NPS/+ mice (JAX #033548) with Agrp-Cre/
Rosa26-LSL-tdTOMATO mice to generate Fbn1NPS/+/AgRP-Cre/
Rosa26-LSL-tdTOMATOmice. In some experiments, we introduced
Rosa26-LSL-tdTOMATO allele onto Ptprdf/f/AgRP-Cre, AgRP-
CreERT2, and Kcnn3f/f/AgRP-CreERT2 mice, respectively.

Following procedures previously described by Mishra et al. (7),
on the day of electrophysiology recording experiment, mice were
euthanized under fed or fasted conditions. Then, the entire brains
of the mice were removed and immediately submerged in ice-cold
sucrose-based cutting solution (adjusted to pH 7.3) containing 10
mM NaCl, 25 mM NaHCO3, 195 mM sucrose, 5 mM glucose, 2.5
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mM KCl, 1.25 mM NaH2PO4, 2 mM Na pyruvate, 0.5 mM CaCl2,
and 7 mM MgCl2 bubbled continuously with 95% O2 and 5% CO2
(2, 17, 18). The slices (250 μm) were cut with a Microm HM 650 V
vibratome (Thermo Fisher Scientific) or VT1200 S vibratome
(Leica) and recovered for 1 hour at 34°C and then maintained at
room temperature in artificial CSF (aCSF; pH 7.3) containing 126
mM NaCl, 2.5 mM KCl, 2.4 mM CaCl2, 1.2 mM NaH2PO4, 1.2 mM
MgCl2, 11.1 mM glucose, and 21.4 mM NaHCO3 saturated with
95% O2 and 5% CO2. TOMATO(+) neurons were visualized
using epifluorescence and infrared–differential interference con-
trast (IR-DIC) imaging on an upright microscope equipped with
a moveable stage (MP-285, Sutter Instrument).

For electrophysiological recording, brain slices were superfused
at 34°C in oxygenated aCSF at a flow rate of 1.8 to 2 ml/min as de-
scribed previously (7). Patch pipettes with resistances of 3 to 5
megohms were filled with intracellular solution (pH 7.3) containing
128 mM K-gluconate, 10 mM KCl, 10 mM Hepes, 0.1 mM EGTA, 2
mM MgCl2, 0.05 mM Na-GTP, and 0.05 mM Mg-ATP. Recordings
were made using a MultiClamp 700B amplifier (Axon Instrument),
sampled using Digidata 1440A, and analyzed offline with pClamp
10.3 software (Axon Instruments). Series resistance was monitored
during the recording, and the values were generally <10 megohms
and were not compensated. Data were excluded if the series resis-
tance increased markedly during the experiment or without over-
shoot for the AP. Currents were amplified, filtered at 1 kHz, and
digitized at 20 kHz (7). The current clamp was engaged to test
neural firing frequency and resting membrane potential in control
and PtprdAgRP KO neurons after GFP or asprosin treatment (1-s
puff, 30 nM).

The method of KD of Ptprd using CRISPR-cas9 in micewas pub-
lished previously (7). Briefly, AgRP-Cre mice 10 to 12 weeks of age
received stereotaxic injections of AAV-FLEX-saCas9 + AAV-Ptprd/
sgRNA-FLEX-GFP or AAV-Ptprd/sgRNA-FLEX-GFP + AAV-

mCherry (no Cas9) in ARH [anteroposterior, −1.70 mm; mediolat-
eral, ±0.25 mm; and dorsoventral, −5.90 mm]. The electrophysiol-
ogy recording of GFP-labeled or mCherry-labeled AgRP+ neurons
was performed 4 weeks after surgery. Mice were maintained under
ad libitum feeding. On the day of recording, fed mice were deeply
anesthetized with isoflurane and were transcardially perfused, and
brain slices containing the ARH were prepared and maintained in
aCSF as described above. GFP- or mCherry-labeled neurons in the
ARH were visualized using epifluorescence and IR-DIC imaging on
an upright microscope (Eclipse FN-1, Nikon).

In another experiment, brain slices containing the ARH were
prepared from AgRP-Cre/Rosa26-LSL-tdTOMATO mice (10 to 12
weeks of age) using same method described above. TOMATO(+)
AgRPARH neuron depolarization and firing rate were recorded in
response to asprosin alone (1-hour incubation) and asprosin prein-
cubated with 7-BIA (10 μM, 10 min) or vehicle or a physiologically
irrelevant protein (GFP, 1-hour incubation). In some experiments,
apamin-sensitive outward tail currents (SK currents) were recorded
as described previously with some modifications (62, 63). SK cur-
rents in AgRP neurons were recorded under a voltage clamp in the
presence of TTX with a 400-ms depolarizing pulse (from −60 to 0
mV and back to −60 mV, holding at −60 mV) (17, 63, 64).

Chronic overexpression of asprosin
C57BL/6J or AgRP-Cre/Rosa26-LSL-tdTOMATO littermate male
mice (12 to 14 weeks old) were injected intravenously via the tail
vein with AAV8 as previously described (7, 32). Mice injected
with AAV8-empty (1 × 1012 genome copy (GC) per mouse)
served as controls for experimental mice that received AAV8-
IL2sp-6His-Asprosin (1 × 1012 GC per mouse) containing an N-ter-
minal his-tagged human asprosin coding region preceded by an IL-
2 signal peptide, under the control of an EF1 promoter.

Fig. 8. Hunger hormone asprosin activates AgRPARH neurons via an SK-dependent mechanism.
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Glucose tolerance test
For glucose tolerance test (GTT), overnight fasting mice were intra-
peritoneally injected with glucose solution (2 g/kg of body mass),
and blood glucose levels were measured at 0, 15, 30, 60, and 120
min after treatment. Mouse glucose was determined using a hand-
held glucometer (OneTouch Ultra2, LifeScan) from a droplet of
tail blood.

Food intake and body weight assessment
In some experiments, control or AAV-asprosin overexpression mice
were singly housed. Average food intake and body weight were mea-
sured weekly. In some experiments, food intake was measured in
mice that received intraperitoneal injection of 50 μg of 7-BIA dis-
solved in dimethyl sulfoxide (DMSO)–saline or the vehicle DMSO-
saline. For 7-BIA experiments, mice were acclimated to single
housing in standard caging and fed a pelleted, dustless diet
(F0173, Bio-Serv) for 3 days before manual measurement of food
intake. For overnight food intake measurement, mice were injected
with 7-BIA or the vehicle 10 min before lights off, and cumulative
food intake was measured for the duration of 6:00 p.m. to 10:00 a.m.
For measuring 6-hour refeeding cumulative food intake, mice were
fasted for 18 hours (4:00 p.m. to 10:00 a.m.), followed by free access
to measured amount of food and 7-BIA or vehicle treatment at
10:00 a.m. Six-hour refeeding cumulative food intake was measured
at 4:00 p.m. In mAb food intake experiment, control or SK3AgRP KO
mice were fed on high-fat diet. Mice received anti-asprosin mAb or
IgG intraperitoneal injection before the light turned off. Food intake
was measured using the BioDAQ system.

Asprosin ELISA detection procedures
The detection of asprosin was described previously (2, 32). Briefly, a
sandwich enzyme-linked immunosorbent assay (ELISA) custom
built using mouse monoclonal anti-asprosin antibody against
human asprosin amino acids 106 to 134 (human profibrillin
amino acids 2838 to 2865) as the capture antibody and a rabbit
anti-asprosin mAb as the detection antibody were used for the de-
tection of human asprosin (2, 32). An anti-rabbit secondary anti-
body linked to horseradish peroxidase was used to generate a
signal, and mammalian cell–produced recombinant human aspro-
sin was used to generate a standard curve.

Validation of Kcnn3 and Ptprd deletion in AgRP neurons
At 9:00 a.m., fed male Kcnn3f/f/AgRP-CreERT2/Rosa26-LSL-tdTO-
MATO, AgRP-CreERT2/Rosa26-LSL-tdTOMATO, Ptprdf/f/AgRP-
Cre/Rosa26-LSL-tdTOMATO, and AgRP-Cre/Rosa26-LSL-tdTO-
MATOmice were anesthetized with inhaled isoflurane and perfused
with saline, followed by 10% formalin. Brain sections (25 μm in
thickness) were collected and then subjected to dual immunofluo-
rescence for SK3 and Ptprd. Briefly, one series of the brain sections
were blocked (5% normal donkey) for 1 hour. Then, the brain sec-
tions were incubated overnight with rabbit anti-SK3 antibody
(1:500 dilution; #APC-025, Alomone Labs) or rabbit anti-Ptprd an-
tibody (1:1000 dilution; #A15713, ABclonal) on a shaker at 4°C
overnight. The next day, the brain sections were incubated with
the donkey anti-rabbit Alexa Fluor 488 (1:500; A21206, Invitrogen)
for 2 hours. Sections were mounted on slides and coverslipped with
4′,6-diamidino-2-phenylindole mounting medium. Fluorescence
images were taken using the Leica 5500 fluorescence microscope
with OptiGrid structured illumination. AgRP neurons coexpressed

by SK3 or Ptprd were counted and averaged in at least four consec-
utive coronal brain sections containing the ARH from each mouse,
and these data were treated from one biological sample. Data from
four different mice were used in statistical analyses.

Fiber photometry
To record the activity of AgRP neurons in freely moving mice, male
AgRP-Cre or Kcnn3f/f/AgRP-Cre mice (10 weeks of age) were anes-
thetized by isoflurane and received stereotaxic injections of 200 nl of
AAV-FLEX-GCaMP6f virus (#AV7609, UNC Vector Core; 3.7 ×
1012 viral genomes/ml) into the ARH (AP, −1.70 mm; ML, +0.25
mm; and DV, −5.90 mm) using a stereotaxic instrument with non-
puncture ear bars (RWD Life Science). During the same surgery, an
optical fiber (fiber: core = 400 μm; 0.39 numerical aperture; M3
thread titanium receptacle; RWD Life Science) was implanted
over the ARH (anteroposterior, −1.70 mm; mediolateral, +0.25
mm; and dorsoventral, −5.70 mm). During the same surgery, stain-
less steel intracerebroventricular cannulas (RWD Life Science) were
inserted into the lateral ventricles (intracerebroventricular coordi-
nates without angle: anteroposterior, 0.34 mm; mediolateral,
−1.00 mm; and dorsoventral, 2.30 mm) with 5° angle rotated clock-
wise (modified coordinates with 5° angle: anteroposterior, 0.34 mm;
mediolateral, −1.20 mm; and dorsoventral, 2.31 mm). Optical fibers
and cannulas were fixed to the skull by using dental acrylic. Mice
were individually housed for at least 3 weeks after surgery before
acclimating to the investigator ’s handling for 1 week before the
recordings.

Mice were allowed to adapt to the tethered patchcord for 2 days
before experiments and given 5 min to acclimate to the tethered
patchcord before any recording. Fiber photometry recordings of
AgRP neurons were done in mice at fed condition without food.
All the control or SK3AgRP KO mice received intracerebroventricu-
lar injection of GFP (as control) and 10 ng of asprosin (in 1 μl of
saline) on different days. There was a 1-week washout period
between each injection. Each mouse was recorded for a 5-min base-
line and 20 min after intracerebroventricular injections. All the mice
were returned to their home cages, and food intake was monitored
for 24 hours after intracerebroventricular injections.

The fiber photometry recording was carried out using a com-
mercial device (RWD Life Science) as previously described (65–
67). For each recording, continuous 30-μW blue light-emitting
diode (LED) at 470 nm and 15-μW ultraviolet (UV) LED at 410
nm served as excitation light sources, driven by an R810 dual-
color multichannel fiber photometry system (RWD Life Science).
GCaMP6 calcium GFP signals and UV autofluorescent signals
were collected through the same fibers back to the R810 system.
We derived the values of GCaMP fluorescence change (ΔF/Fn) by
calculating (F470 − F0)/F0, where F0 is the 5-min average baseline
fluorescence of the F470 channel before the intracerebroventricular
injection. The F410 channel is used as an isosbestic fluorescence
channel; we derived the values of isosbestic fluorescence change
(ΔF/Fn) by calculating (F410 − F0)/F0, where F0 is the 5-min
average baseline fluorescence of the F410 channel before the intra-
cerebroventricular injection.

Statistical analyses
All results are presented as means ± SEM. Statistical significance
was tested using paired two-tailed t tests, unpaired two-tailed t
tests, or analysis of variance (ANOVA; one-way and two-way,
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when appropriate), followed by the Sidak multiple comparisons
post hoc analysis using GraphPad Prism 8 and 9.

Study approval
Care of all animals and procedures were approved by the Institu-
tional Animal Care and Use Committee of Baylor College of Med-
icine, Pennington Biomedical Research Center, and Case Western
Reserve University.

Supplementary Materials
This PDF file includes:
Figs. S1 to S7

View/request a protocol for this paper from Bio-protocol.
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