Interleukin-1R3 mediates interleukin-1–induced
potassium current increase through fast activation
of Akt kinase
Jiang Qiana, Ling Zhub, Qiming Lia, Natalya Belevycha, Qun Chena, Fangli Zhaoa, Scott Hernessa, and Ning Quana,1
a
Department of Oral Biology, Ohio State University, Columbus, OH 43210; and bDepartment of Pharmacology, West China School of Preclinical and Forensic
Medicine, Sichuan University, Chengdu 610041, China

Edited* by Bruce S. McEwen, The Rockefeller University, New York, NY, and approved June 13, 2012 (received for review March 28, 2012)

signal transduction

| NF-κB | p38

Downloaded by guest on December 1, 2021

P

roinﬂammatory cytokine interleukin-1 (IL-1) mediates numerous neuroimmunological and neurophysiological activities in the central nervous system (CNS) (1, 2). Typically, IL-1
induces cellular responses through a receptor complex consisting
of IL-1 receptor (IL-1R) and IL-1R accessory protein (3).
Binding of IL-1 to IL-1R recruits the IL-1R accessory protein.
The juxtaposition of IL-1R and IL-1R accessory protein initiates
a series of downstream signaling pathways leading to transcriptional changes or posttranslational modiﬁcation of proteins. Two
IL-1Rs have been identiﬁed so far: The type I IL-1R (IL-1R1) is
generally accepted as the receptor through which IL-1 activates
cellular signaling, whereas the type II IL-1R (IL-1R2) serves as
a decoy receptor. There are also two different forms of IL-1R
accessory proteins: The classical IL-1R accessory protein (IL1RAcP) is expressed ubiquitously, whereas IL-1RAcPb, a novel
isoform of IL-1RAcP due to alternative splicing of IL-1RAcP, is
mainly expressed in CNS neurons (4, 5). The IL-1R1/IL-1RAcP
receptor complex is thought to mediate most, if not all, IL-1–
induced effects.
Several recent studies showed that some IL-1–induced effects—
including its inﬂuence on brain tissue damage after cerebral ischemia, activation of JNK signaling pathway, and repression of
IFN-γ mRNA expression—persist in IL-1R1 knockout (KO)
animals (6, 7). Likewise, it was reported that IL-1ra, an antagonist
of IL-1, fails to block some IL-1β–induced electrophysiological
changes in neurons (8, 9). In addition, it is known that in neurons,
IL-1 could use signaling pathways other than the classical NF-κB
or p38 MAPK pathway, such as Src and Akt pathways (10, 11).
www.pnas.org/cgi/doi/10.1073/pnas.1205207109

These observations suggest that there is a yet-unidentiﬁed functional receptor for IL-1, at least in neuronal cells of the brain.
Several lines of evidence suggest that novel forms of IL-1R
could be produced by the IL-1R1 gene itself. For example, three
alternatively spliced IL-1R1 isoforms have been found in rat
hepatocytes (12), although these isoforms do not explain neuronspeciﬁc activities of IL-1. Recently, we found two internal promoters for the human IL-1R1 gene, which could drive the production of a truncated IL-1R1 variant (13). We suspect this short
IL-1R1 variant is a neuron-speciﬁc IL-1R. In this study, we show
that the murine IL-1R1 (mIL-1R1) gene indeed contains an
internal promoter that tissue-speciﬁcally drives the transcription
of a shortened IL-1R1 mRNA. This mRNA is the template for
the production of a unique IL-1R, IL-1R3, which is mostly
expressed in neural tissues. Furthermore, IL-1R3 interacts with
IL-1RAcPb, a neuron-speciﬁc IL-1RAcP isoform, to mediate IL1β–induced increase of potassium current through fast activation
of Akt kinases.
Results
Truncated Isoform of IL-1R Is Expressed in Neural Tissues. To identify

potential novel IL-1R isoforms, we used the strategy of combining CapFishing with nested PCR to determine the transcription start sites (TSSs) of mIL-1R1 from different tissues. The
nested PCR forward primer for both the ﬁrst and second round
of PCR is the 5′ RACE primer, which recognizes the CapFishing
adaptor. The six pairs of PCR reverse primers—targeting exons
1A, 1B, 1C, 3, 4, and 5/6, respectively—are listed in Table S1.
For each pair of reverse primers, the second round (inner, green
arrows) primer is immediately adjacent the ﬁrst round (outer,
purple arrows) primer (Fig. 1A). The gel results of CapFishingnested PCR from mouse tissue RNA are shown in Fig. S1 (targeting the conventional TSSs) and Fig. 1B (targeting potential
internal TSSs behind the conventional start codon). Various sizes
of PCR products were observed from different tissues, indicating
the existence of multiple TSSs. The nested PCR products were
cloned into pCRII-TOPO vector and sequenced to determine the
TSSs. The sequencing results were aligned by using two-sequence
BLAST to the sequence of a mouse contig (National Center for
Biotechnology Information GenBank accession no. NT_039170.7),
which is located on mouse chromosome 1 and contains the full
genomic sequence of mIL-1R1.
Four clusters of mIL-1R1 TSSs were found. They are represented in green, purple, blue, and red in Table 1 and Fig. 1C.
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Inﬂammatory cytokine interleukin-1 (IL-1) performs multiple functions in the central nervous system. The type 1 IL-1 receptor (IL-1R1)
and the IL-1 receptor accessory protein (IL-1RAcP) form a functional
IL-1 receptor complex that is thought to mediate most, if not all, IL1–induced effects. Several recent studies, however, suggest the existence of a heretofore-unidentiﬁed receptor for IL-1. In this study,
we report that the IL-1R1 gene contains an internal promoter that
drives the transcription of a shortened IL-1R1 mRNA. This mRNA is
the template for a unique IL-1R protein that is identical to IL-1R1
at the C terminus, but with a shorter extracellular domain at the
N terminus. We have termed this molecule IL-1R3. The mRNA and
protein for IL-1R3 are expressed in normal and two strains of commercially available IL-1R1 knockout mice. Western blot analysis
shows IL-1R3 is preferentially expressed in neural tissues. Furthermore, IL-1β binds speciﬁcally to IL-1R3 when it is complexed with
the newly discovered alternative IL-1 receptor accessory protein,
IL-1RAcPb. Stimulation of neurons expressing both IL-1R3 and IL1RAcPb with IL-1β causes fast activation of the Akt kinase, which
leads to an increase in voltage-gated potassium current. These
results demonstrate that IL-1R3/IL-1RAcPb complex mediates
a unique subset of IL-1 activity that accounts for many previously
unexplained IL-1 effects in the central nervous system.

Table 1. Sequence analysis of mIL-1R TSS
Exon 1
Start
17808466
17808466
17808554
17808554
17808557
17808561
17808684
17808771
17850266
17850299
17863609
17865284
17876656
17876727
17876727
17876727
17876817
17876825

End

Transcripts in
different tissue

17808655
17808655
17808803
17808655
17808774
17808655
17808803
17808803
17850378
17850356
17864029
17865431
17876700
17876853
17876851
17876851
17876853
17876846

Hypothalamus
Hypothalamus
Hypothalamus
Hypothalamus
Liver
Liver
Liver
Dentate gyrus
Dentate gyrus
Dentate gyrus
Lung
Dentate gyrus
Dentate gyrus
Hypothalamus
Hypothalamus
Dentate gyrus
Liver
Liver

The sequences obtained from TSS study were aligned to the genomic DNA
sequences of mIL-1R1. Four different clusters of TSSs are represented in green,
purple, blue, and red.
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Fig. 1. Identiﬁcation of a unique TSS in IL-1R1 gene. (A) Diagrammatic illustration of the half-nested PCR used to increase the sensitivity of 5′ RACE.
The forward RACE primers were included in the CapFishing kit. The reverse
primers for two rounds of PCR targeting different exons are indicated by
arrows (purple, outer primers for ﬁrst round of PCR; green, inner primers for
second round of PCR). (B) Electrophoresis results of the nested PCR results
targeting TSS downstream of exon 2. RNAs used in CapFishing were
extracted from the following tissues: dentate gyrus (Dg), hypothalamus (Hy),
liver (Liv), and lung (Lun). (C) Annotation of TSSs found in the context of
known mIL-1R1 genomic sequence. TSSs are presented in green, purple,
blue, and red to match Table 1.

Three of the clusters (TSS1, TSS2, and TSS3) are in agreement
with our previous study (14), although >30 additional bases of
the 5′ UTR regions in two of the three clusters were uncovered by
the current method. Importantly, a unique fourth TSS cluster was
identiﬁed. The foremost 5′ TSS of this cluster is at 17,876,656 and
has been identiﬁed in dentate gyrus of hippocampus. The last TSS
is at 17,876,825 and has been found in liver. This TSS cluster
resides downstream of the canonical translation start codon (in
exon 2), indicating the existence of a unique internal promoter.
We have termed the promoter for this TSS P4. PCR ampliﬁcation
of cDNAs starting from this internal alternative exon 1 to the last
exon of IL-1R1 uncovered an mRNA sequence that predicted
a translated peptide. This predicted peptide is a truncated IL-1R1,
missing the ﬁrst 200 N terminus amino acids. We have termed this
peptide IL-1R3.
To verify that mRNA driven by the P4 promoter encodes an
expressed functional protein, IL-1R3 cDNA was cloned into
pcDNA6.2 expression vector with either a GFP or a Flag tag at
the C terminus. For comparison, we similarly constructed IL1R1–GFP and IL-1R1–Flag. These constructs are shown in Fig.
2A. Fig. 2B shows that after transfection into Neuro-2a cells, the
expression of IL-1R3–Flag, IL-1R3–GFP, IL-1R1–Flag, and IL12190 | www.pnas.org/cgi/doi/10.1073/pnas.1205207109

1R1–GFP can be detected by Western blot using an antibody (sc689) against the C terminus of IL-1R1. The predicted size of IL1R3–Flag, IL-1R3–GFP, IL-1R1–Flag, and IL-1R1–GFP are 45,
73, 68, and 96 kDa, respectively. These molecules are clearly
identiﬁed by the corresponding bands in the Western blot. Immunoﬂuorescence microscopy also shows the expression of IL1R1–GFP and IL-1R3–GFP in transfected cells (Fig. 2C). It is
important to note that Neuro-2a does not express IL-1R1 and
IL-1R3 by itself, because neither IL-1R’s mRNA (14) nor
protein was detected (Fig. 2B).
Fig. 2D shows the design for two commercially available
strains of IL-1R1 KO animals (15, 16). In both cases, the disruption of IL-1R1 gene occurred upstream of the ORF for IL1R3, Therefore, if IL-1R3 exists in vivo, it could be retained in
the IL-1R1 KO animals. We performed RT-PCR targeting the
IL-1R3 ORF and subsequently sequenced the PCR product
(arrows in Fig. 2D indicate the position for PCR primers).
Results conﬁrm that intact IL-1R3 ORF mRNA is expressed in
both IL-1R1 KO animals. We then investigated whether IL-1R3
protein exists in vivo, especially in the brain. Fig. 2E shows the
Western blot results from various tissues. HeLa cells transfected
with IL-1R3–Flag were used as a positive control for IL-1R3
protein, and liver from normal mouse was used as a positive
control for IL-1R1 protein. IL-1R3 protein was detected in
various brain tissues of both normal and IL-1R1 KO mice. IL1R3 protein was not detected in the liver. IL-1R1 protein was
found in normal mice, but not in IL-1R1 KO mice. The presence
of IL-1R3 protein in both normal and IL-1R1 KO neural tissues
indicates that the internal promoter we discovered is functional
in vivo.
IL-1β Binds IL-1R3 in the Presence of IL-1RAcPb. Because IL-1R3 is
a truncated version of IL-1R1, some of its structure features
could be deduced from IL-1R1 structure. Domain structures of
IL-1R3 and -1R1 based on amino acid sequence are shown in
Fig. 3A. The predicted IL-1R3 structure and its potential interaction with IL-1/IL-1ra in comparison with IL-1R1 are shown
in Fig. 3B. In the extracellular part, IL-1R1 has two sites (A and
B) for IL-1 binding: IL-1β binds to both A and B sites, whereas
IL-1ra only binds to site A (17). IL-1R3 does not have site A, but
Qian et al.

a relatively slow process. In addition, the fold increase of NF-κB
activation mediated by IL-1β/IL-1R1 was similar in the presence
of either empty vector (R1+V) or IL-1R3 (R1+R3), demonstrating that expression of IL-1R3 did not interfere with IL-1β/IL1R1–mediated NF-κB activation.
IL-1R3 Interacts with IL-1RAcPb to Mediate Alternative IL-1 Signaling
Response. Next, we performed kinase assays in Neuro-2a cells

cotransfected with IL-1R3 and either control vector, IL-1RAcP,
or IL-1RAcPb. For comparison, we cotransfected Neuro-2a cells
with IL-1R1 in combination with the control vector, IL-1RAcP,
or IL-1RAcPb. Twenty-four hours after transfection, cells were
incubated in the absence or presence of IL-1β (10 ng/mL) for 5 min
and harvested to analyze changes in the phosphorylation status
of Akt and p38 MAPK by Western blot, using phosphor-speciﬁc
antibodies developed against the activated form of Akt phosphorylated at Ser-473 and p38 phosphorylated at Thr-180/Tyr182 (Fig. 4B). Consistent with previous reports, IL-1β treatment
increased p38 phosphorylation in cells cotransfected with IL1R1/IL-1RAcP and in cells transfected with IL-1R1. In contrast,
IL-1β treatment did not increase p38 phosphorylation in cells
cotransfected with IL-1R3/IL-1RAcP or IL-1R3/IL-1RAcPb.
Interestingly, IL-1β treatment for 5 min increased Akt phosphorylation only in cells cotransfected with IL-1R3/IL-1RAcPb
(Fig. 4B). To substantiate this result, cells were treated with IL1β for 3 or 5 min to characterize Akt activation at short time
intervals after the IL-1 stimulation. Fig. 4C shows that IL-1β
induced signiﬁcant Akt phosphorylation at both 3 and 5 min
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retains site B. Therefore, the retention of the last Ig-like domain
in IL-1R3 could result in the retention of an IL-1β binding site
on IL-1R3. We next tested whether IL-1β binds to IL-1R3.
His-tagged IL-1β was used to test binding of IL-1β to IL-1R1–
transfected or IL-1R3–transfected Neuro-2a cells. Binding of
His-IL–1β was detected by Western blot for His antigen bound to
the cells. Fig. 3C shows that IL-1β binds to IL-R1–transfected and
IL-1R3–transfected cells in a concentration-dependent manner.
Equilibrium binding of IL-1β to IL-1R1 at 4 °C is detected after
1 h (Fig. 3C Upper) of incubation. Equilibrium binding of IL-1β to
IL-1R3 was detected after overnight reaction (Fig. 3C Lower) in
the presence of IL-1RAcPb. In contrast, cells cotransfected with
IL-1R3 and IL-1RAcP did not bind IL-1β. The detected binding is
speciﬁc for the expressed IL-1R1 or -1R3 because IL-1β binding to
cells transfected with IL-1R1/3 is signiﬁcantly higher than those
transfected with an empty expression vector (V, Fig. 3C).
IL-1R3 Is Unable to Mediate Canonical IL-1 Signaling Responses. One
of the canonical IL-1 signaling responses is the activation of
the NF-κB. NF-κB reporter assays were performed to determine
whether IL-1R3 can mediate NF-κB signaling. As shown in Fig.
4A, IL-1β stimulated NF-κB activation in IL-1R1–transfected,
but not IL-1R3–transfected, cells. Signiﬁcant NF-κB activity was
seen at 2.5 and 6.5 h after IL-1β. Thus, IL-1R3 does not mediate
activation of the classical IL-1 signaling pathway, which is
Qian et al.

Fig. 3. IL-1β binds IL-1R3. (A) Diagrammatic illustration of the domains of IL1R1 and -1R3. TM, transmembrane domain; TIR, tToll/IL-1R domain. Each
open box represents a speciﬁc domain with numbers indicating the number
of amino acids. (B) Diagrammatic illustration of predicted IL-1R3 structure
and its potential interaction with IL-1/IL-1ra in comparison with IL-1R1. IL1R3 is predicted to interact with IL-1 because IL-1R3 retains one (Ig-like
domain 3) of the two IL-1 binding sites of IL-1R1. IL-1R3 is unlikely to bind IL1ra because it does not have the IL-1ra binding site (between the ﬁrst and
the second Ig-like domains of IL-1R1). (C) Detection of cell-bound His-tagged
IL-1β with anti-His antibody to IL-1R1–transfected (Upper) or IL-1R3–transfected (Lower) cells. IL-1β binds both receptors speciﬁcally [compared with
vector (V) group] in a concentration-dependent manner. (Upper) Lanes 1, 2,
and 3 correspond to results generated from 0.5, 5, and 50 nM His-IL-1β, respectively. (Lower) Lanes 1, 2, and 3 correspond to results generated from 0,
50, and 250 nM HisIL-1β, respectively.
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Fig. 2. IL-1R3 is detected both in vitro and in vivo. (A) Diagrammatic illustration of IL-1R1/R3 cloning into pcDNA6.2 vector. IL-1R1/R3 was inserted
after CMV promoter and followed by an in-frame GFP (emerald GFP; EmGFP)
protein or a Flag tag. (B) Expression of IL-1R3-Flag (R3F), IL-1R3-GFP (R3G), IL1R1-Flag (R1F), and IL-1R1-GFP (R1G) detected by Western blot. (C) Immunoﬂuorescence microscopy images of Neuro-2a cells transfected with C terminus GFP-tagged IL-1R1/IL-1R3. (D) Diagrammatic illustration of IL-1R1 KO
designs from current IL-1R1 KO lines. The entire IL-1R3 OFR can be detected
by RT-PCR in both strains of IL-1R1 KO mice (arrows denote PCR primers). (E)
IL-1R3 is detected in various regions of the brain in both IL-1R1 KO and
normal animal by Western blot. In contrast, IL-1R1 can only be detected in
normal animals. HI, hippocampus; HY, hypothalamus; Cb, cerebellum; Br,
brain; Li, Liver.

independent manner (9). We investigated whether IL-1R3 could
be the mediator for this IL-1β–induced response. Fig. 5A shows
the actual traces of voltage-dependent outward potassium (Kv)
currents in a cell cotransfected with IL-1R3/IL-1RAcPb. Application of IL-1β (10 ng/mL) increased Kv currents (red), and Kv
currents returned to the baseline after IL-1β was washed out. Fig.
5B shows an example of this change in terms of amplitude over
time. Stimulation of IL-1R3/IL-1RAcPb–transfected cells by
IL-1β resulted in an increase of potassium current 2 min after
IL-1β application in 5 of 19 (26.3%) cells. The response rate of
these cells is consistent with the transfection efﬁciency (50%
transfection efﬁciency for either IL-1R3 or IL-1RAcPb; 25%
cotransfection efﬁciency). IL-1β did not induce changes in potassium current in any of the 13 tested cells cotransfected with
IL-1R1/IL-1RAcP (Fig. 5C shows an example effect from a nonresponsive cell). Furthermore, pretreatment with Akt-speciﬁc
inhibitor AKT-1 (5 μg/mL) completely abolished the potassium
current increase induced by IL-1β in cells cotransfected with
IL-1R3/IL-1RAcPb (0 of 15 cells tested showed any response).

Fig. 4. Role of IL-1R3 in mediating IL-1β–induced signaling. (A) IL-1β induces
NF-κB activation. Fold increase in luciferase activity over the baseline
obtained from cells cotransfected with NF-κB reporter plasmid and empty
vector (V) are presented. The means ± SE are presented from three separate
experiments. *P < 0.05. (B) Detection of IL-1β–induced phosphorylation of
Akt and p38 in cells transfected with IL-1R1/IL-1R3 in combination with IL1RAcP/IL-1RAcPb. *, indicates increased phosphor-protein. (C) Detection of
IL-1β–induced phosphorylation of Akt in cells transfected with IL-1R3 in
combination with IL-1RAcP/IL-1RAcPb. Quantiﬁcation of blots from three
different experiments is shown below the blot. Densitometric values are
expressed as pAkt/total Akt and then normalized to untreated cells (0 min).
*P < 0.05. (D) Time course of IL-1β–induced Akt phosphorylation in cells
cotransfected with IL-1R3 and IL-1RAcPb.
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after the IL-1 stimulation, and the response was more dramatic
at 3 min. We then performed a time course study on IL-1β–induced Akt phosphorylation on these cells up to 20 min after IL-1
stimulation. Results showed that maximal phosphorylation of
Akt was detected at 2 min after IL-1β treatment, and no increased phosphorylation was detected after 10 min (Fig. 4D).
Similar results were repeated in HEK293 cells cotransfected with
different combinations of receptors and accessory proteins.
IL-1R3 Interacts with IL-1RAcPb to Mediate IL-1–Induced Potassium
Current Increases. IL-1β has been reported to induce changes in

potassium currents in primary cultured neurons in an IL-1R1–
12192 | www.pnas.org/cgi/doi/10.1073/pnas.1205207109

Fig. 5. IL-1β induces Kv current increases in cells cotransfected with IL-1R3/
IL-1RAcPb. (A) Actual traces of Kv currents in an IL-1R3/IL-1RAcPb–transfected cell. (B) Representative Kv current amplitude increase after IL-1β
stimulation in IL-1R3/IL-1RAcPb–cotransfected cells. (C) Representative null
response after IL-1β stimulation in cells cotransfected with IL-1R1/IL-1RAcP.

Qian et al.
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mainly expressed in neural tissues, we suspected that the function of IL-1R3 could be revealed in the presence of IL-1RAcPb
in neurons. One difﬁculty is that both transfected IL-1R3 and IL1RAcPb express these proteins at very low levels, compared to
those produced by transfected IL-1R1 and IL-1RAcP. To circumvent this difﬁculty, we tested IL-1R3 function in both Neuro2a and HEK293 cells. HEK293 cells, human kidney cells, were
chosen because they allow high efﬁciency of transfection and do
not bind mIL-1β without transiently cotransfecting with mIL-1R
and mIL-1RAcP (23). Results from both cell lines demonstrate
that IL-1R3 cooperates with IL-1RAcPb, but not IL-1RAcP, to
bind IL-1β and mediate IL-1β–induced neuronal activity.
Several previous studies suggested that IL-1 induces neuronal
cellular signaling via nonclassical pathways, including phosphorylation of Akt and Src (10, 11). IL-1–induced activation of
Src is MyD88-dependent, whereas IL-1–induced activation of
Akt is MyD88-independent (11). It is also known that IL1RAcPb is recruited to ligand-bound IL-1R1 in a similar fashion to
IL-1RAcP. However, it cannot recruit adaptor molecule MyD88
and initiate downstream canonical signaling responses (4). Consistent with this conclusion, we found that IL-1R3 interacts with IL1RAcPb, but not IL-1RAcP, to activate the MyD88-independent
Akt. Interestingly, IL-1R3/IL-1RAcPb complex-mediated IL-1β–
induced activation of Akt kinase is very fast, because phosphorylation of Akt was detected in minutes after IL-1β treatment. These
features of IL-1R3–mediated signaling may explain previously
reported ﬁndings that IL-1 can stimulate neuronal activation
without activating the NF-κB pathway (24, 25) and that IL-1 is
capable of inducing fast electrophysiological effects that cannot be
explained by the slow classical IL-1R1–mediated signaling
pathways.
IL-1 was found to induce voltage-dependent current changes
in retinal ganglion cells. This effect is independent of IL-1R1
because it cannot be inhibited by IL-1ra (9). IL-1R3 could be the
mediator for this effect because the binding site for IL-1ra is
lacking in IL-1R3. Indeed, our results show that IL-1β can induce
an increase of Kv current via the IL-1R3/IL-1RAcPb complex.
Of note, this effect occurs 2–3 min after IL-1β application and
disappears after 5 min. This effect is consistent with the duration of Akt kinase activation after IL-1β treatment. Furthermore, pretreatment with Akt-speciﬁc inhibitor AKT-1 completely
abolished this effect. Together, these results clearly show that
IL-1R3/IL-1RAcPb complex mediates IL-1–induced potassium
current increase via Akt kinase activation. Therefore, IL-1β–induced Akt kinase phosphorylation could cause a change in the
potassium channel protein that contributes to rapid effects on
neuronal activity.
In summary, the present study identiﬁes a unique IL-1R, IL1R3. IL-1R3 is expressed mainly in neural tissues. Activation of
IL-1R3 by IL-1β does not activate NF-κB and p38 MAPK, the
classical IL-1 signaling pathways. IL-1R3 interacts with IL1RAcPb to mediate IL-1–induced increase in Kv current via Akt
kinase. These features of IL-1R3–mediated effects explain some
of the previously unexplained IL-1 effects in neurons.
Material and Methods
Sample Collection and RNA Isolation. Mouse tissues were collected immediately
after decapitation and stored in TRIzol at −70 °C for RNA isolation. One milliliter of TRIzol reagent (Invitrogen) was added to 100 mg of tissue. Tissue mass
was homogenized to generate cell suspension. Total RNA was extracted by
following manufacturer’s instructions. Total RNA in RNase-free H2O was then
digested with DNase I (Invitrogen) to remove residual genomic DNA.
First-Strand cDNA Synthesis Using the CapFishing Kit. First-strand cDNA was
generated by following manufacturer’s instructions of the CapFishing kit
(Seegene). Brieﬂy, 1 μg of total RNA was added to the 4 μL of 5 mM dNTP, 2 μL
of 10 μM random hexamer, and diethylpyrocarbonate-treated H2O for a total
volume of 10.5 μL. This mixture was incubated at 75 °C for 3 min and chilled
on ice. Then, 4 μL of 5× reaction buffer (pH 7.2), 1 μL of 0.1 M DTT, 1 μL of
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Discussion
Many IL-1–mediated CNS effects can be paradoxical. For example, both neurotoxic and neuroprotective effects of IL-1 have
been observed (18). Induction of IL-1 has been associated with
the progression of Alzheimer’s disease, but overexpression of
IL-1 in the brain can also reduce Alzheimer’s-related neuropathology (19). Likewise, IL-1 not only inhibits long-term potentiation (LTP) in hippocampal neurons, it is also required to
maintain LTP (20). So far, only one functional receptor, IL-1R1,
has been identiﬁed. It is difﬁcult to explain the opposite effects
of IL-1 based upon the assumption that all IL-1–induced effects
are mediated through IL-1R1 signaling.
The existence of additional CNS IL-1Rs had been proposed
for many years (21). Although many new IL-1 family member
molecules and their corresponding receptors have been revealed
by recent genetic analysis, no new IL-1Rs, besides IL-1R1 and
-1R2 that were discovered nearly 20 y ago, have been found (22).
IL-1R2 does not contain a functional intracellular domain and
therefore can only serve as a decoy receptor. In this study, we
searched for additional gene products within the IL-1R1 gene
itself. We extended our previous study on IL-1R1 promoters by
searching for TSSs downstream of the conventional start codon.
The results show that the IL-1R1 gene produces a shortened IL1R1 mRNA, driven by an internal promoter in the IL-1R1 gene,
which leads to the production of IL-1R3. This internal promoter
was missed in our ﬁrst IL-1R1 promoter study (14) because
we did not design the reverse primers for the 5′ RACE from
sequences downstream of exon 2, assuming all IL-1R1 promoters
are located upstream of the conventional start codon. Our second IL-1R1 promoter study searched for the TSSs in the human
IL-1R1 gene without this assumption, and we were able to ﬁnd
internal promoters in the human IL-1R1 gene (13). The results
of the present study conﬁrm that the mIL-1R1 gene also contains
a corresponding internal IL-1R1 promoter, which led to the
discovery of the long-sought IL-1R3 hidden in the IL-1R1 gene.
IL-1R3 mRNA is mostly expressed in CNS tissues. Western blot
results from various brain tissues—including hippocampus, hypothalamus, and cerebellum—conﬁrmed that endogenous IL-1R3 is
expressed in brain tissues. One difﬁculty in mapping IL-1R3 expression is that currently available antibodies that label IL-1R3
will also label IL-1R1. In addition, the mRNA for IL-1R3 is part
of the IL-1R1 mRNA. Therefore, in situ hybridization of IL-1R3
will also label IL-1R1. Fortunately, IL-1R1 KO animals do not
express IL-1R1, but express IL-1R3. Because all of the IL-1–induced responses that cannot be explained by IL-1R1 have been
related to certain neuronal effects of IL-1, the restricted expression of IL-1R3 in neural tissues could provide a solution to the
unexplained IL-1 effects.
Neuro-2a cells, a neuroblastoma-derived cell line, were used
to investigate the function of IL-1R3. Neuro-2a cells do not
express IL-1R1, -1R2, and -1R3, but they express IL-1RAcP
constitutively. Therefore, exogenous IL-1R1 and -1R3 will be the
only type of IL-1R expressed on these cells after transfection. In
addition, the downstream classical signaling pathways that require IL-1RAcP can be investigated in this cell line. Results
demonstrated that IL-1 stimulation of the NF-κB pathway
requires IL-1R1 and IL-1R1AcP. However, expression of IL-1R3
was not sufﬁcient to mediate IL-1–induced NF-κB activation and
did not interfere with IL-1β/IL-1R1–mediated NF-κB activation.
This ﬁnding is consistent with a recent report by Smith et al. (4)
that showed IL-1 activates neuronal signaling in vivo without
activating NF-κB.
IL-1RAcP is a required receptor partner in IL-1R1 signaling.
Recently, IL-1RAcPb, a novel isoform of IL-1RAcP that is
mainly expressed in CNS neurons, was identiﬁed. The function
of IL-1R1AcPb remains unclear, although it may mediate IL-1–
induced activation of Src kinase (4, 5). Because IL-1R3 is also

CapFishing solution, 2 μL of BSA (1 mg/mL), 20 units of RNase inhibitor, and
200 units of SuperScript II reverse transcriptase (Invitrogen) was added to the
mixture. The reaction was incubated at 42 °C for 1 h. Three microliters of
preheated CapFishing adaptor (75 °C for 3 min) was added to the reaction,
and the entire mixture was incubated on ice for 2 min, to assist the binding of
the CapFishing adaptor to 5′ cap intact mRNA. Subsequently, 60 units of reverse transcriptase were added to the reaction and incubated at 42 °C for 30
min, and then the reverse transcriptase was inactivated at 70 °C for 15 min
and 94 °C for 5 min. The entire procedure was performed in a PCR-iCycler (BioRad). The ﬁrst-strand cDNA product was diluted 10 times for further PCRs.
PCR for 5′ RACE and Sequencing. Because mIL-1R1 is typically expressed at very
low levels, half-nested PCR (shown in Fig. 1A) was used to increase the
speciﬁcity and sensitivity of the 5′ RACE. The sequence of 5′ RACE primer
(forward primer) is part of the CapFishing adaptor. It ensures that only the
ﬁrst-strand cDNAs, which were reverse-transcribed from 5′ cap intact
mRNAs, can be ampliﬁed by this nested PCR. In the ﬁrst round of PCR, 5′
RACE primer and outer target-speciﬁc primers (TSPs) in various exons were
used. In the second round of PCR, 5′ RACE primer (again) and inner TSPs in
various exons were used. In all, 25∼35 cycles of ampliﬁcation were carried
out under the following conditions for each cycle: denaturing at 94 °C for
30∼40 s, annealing at 58∼60 °C for 30∼40 s, and extension at 72 °C for 30 s to
∼2 min. The ﬁrst-round PCR products were diluted and used as templates for
the second round of PCR. The second-round PCR inner TSPs are immediately
upstream of the outer TSPs. The PCR products were resolved in a 2100 bioanalyzer (Agilent). Sequences of all primers are listed in Table 1. The nested PCR
products were cloned into pCRII-TOPO vector (Invitrogen) and then sequenced
at the sequencing facility of Ohio State University to determine the TSSs.
Mouse Tissue Western Blot. Tissues were collected and homogenized in lysis
buffer (1% Nonidet P-40, 10% (vol/vol) glycerol, 20 mM Tris, pH 8.0, 137 mM
NaCl, 1 mM MgCl2, 0.5 mM EDTA, and 10 mM sodium pyrophosphate) with
protease inhibitor mixture (P8340; Sigma). Homogenized samples were incubated on ice for at least 15 min and spun at 13,000 × g for 10 min.
Supernatants were collected. Lysate concentrations were measured with the
bicinchoninic acid method (Pierce). For each gel, the same amount (60 μg) of
lysate was loaded for each lane. SC-689 anti-C terminus–IL-1R1 antibody
(1:1,000 dilution) (Santa Cruz) was used to detect IL-1R1 and IL-1R3. Western
blot signal was detected by using the LI-COR infrared imaging system.
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IL-1R3/R1and IL-1RAcP/IL-1RAcPb Expression Plasmids. ORFs of IL-1R3 and
IL-1R1 were cloned into pcDNA6.2 expression vector either as a C terminus
EmGFP fusion protein or as a C terminus Flag-tagged protein. IL-1RAcP and
IL-1RAcPb expression plasmids (pDC-mAcP and pDC-mAcPb) were provided by
Dirk Smith of Amgen.
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Binding Assay. His-tagged recombinant IL-1β (United States Biological) was
used to test the binding of IL-1 to IL-1R3. Twenty-four hours after transfection, cells were washed twice with binding medium (1% BSA, 20 mM
Hepes in Dulbecco’s Modiﬁed Eagle medium) and equilibrated in the binding medium at 4 °C for 1 h with gentle shaking. His–IL-1β (USB) was then
added into the medium, and cells were incubated at 4 °C for the desired
length of time. After binding, cell pellets were harvested, washed six times
with cold PBS, and sonicated in 1× SDS loading buffer. Western blot for His-tag
was performed with anti-His Tag monoclonal antibody (1:500 dilution) from
Genscript.
Cell Culture, Transfection, NF-κB Reporter Assay, and Kinase Assay. Neuro-2a
and HEK293 cells were obtained from the American Type Culture Collection
and maintained at 37 °C in modiﬁed Eagle’s medium containing 10% FBS
and antibiotics. Cells were transfected by using Polyjet DNA transfection
reagent (SignaGen Laboratories) according to the manufacturer’s instructions. Activation of NF-κB was detected by cotransfection of an NF-κB reporter construct and analysis of luciferase activity as described (14). Kinase
activation was detected by Western blot using speciﬁc antibodies (1:1,000
dilution) developed against the activated form of Akt phosphorylated at
Ser-473 (Cell Signaling Technology) and p38 phosphorylated at Thr-180/Tyr182 (Cell Signaling Technology). Total Akt and p38 were measured as
loading controls, using anti-Akt antibody (1:1,000 dilution) (Cell Signaling
Technology) and anti-p38 antibody (1:1,000) (Cell Signaling Technology).
Densitometric quantiﬁcation of blots was performed by using the LI-COR
infrared imaging system. No signiﬁcant difference in loading controls was
found in all of the samples in each Western blot.
Whole-Cell Patch Clamp. Twenty-four hours after transfection, cells were
harvested and prepared for patch clamping. Kv currents were measured by
using the Nanion chip-based port-a-patch system (EPC-10; HEKA). The electrolyte solutions used had following compositions: extracellular solutions
(osmolarity: 298 mOsmol): 140 mM NaCl, 4 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 5
mM D-glucose monohydrate, 10 mM Hepes/NaOH, pH 7.4; intracellular solutions (osmolarity: 258 mOsmol): 50 mM KCl, 10 mM NaCl, 60 mM K-ﬂuoride,
20 mM EGTA, 10 mM Hepes/KOH, pH 7.2. Kv currents were determined at
a depolarizing potential of +50 mV from a holding potential of −80 mV. Mean
current at the end of pulse were used for analysis. IL-1β dissolved in extracellular solutions was applied to cells after 25–35 stable sweeps.
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