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Dietary antigens limit mucosal
immunity by inducing regulatory
T cells in the small intestine
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Dietary antigens are normally rendered nonimmunogenic through a poorly understood
“oral tolerance” mechanism that involves immunosuppressive regulatory T (Treg) cells,
especially Treg cells induced from conventional T cells in the periphery (pTreg cells).
Although orally introducing nominal protein antigens is known to induce such pTreg
cells, whether a typical diet induces a population of pTreg cells under normal conditions
thus far has been unknown. By using germ-free mice raised and bred on an elemental
diet devoid of dietary antigens, we demonstrated that under normal conditions, the vast
majority of the small intestinal pTreg cells are induced by dietary antigens from solid
foods. Moreover, these pTreg cells have a limited life span, are distinguishable from
microbiota-induced pTreg cells, and repress underlying strong immunity to ingested
protein antigens.

T
he ingestion of certain foods can trigger
an immune reaction, ranging from mild
allergy to anaphylaxis, in a fraction of the
population. How dietary antigens (Ags)
are normally rendered nonimmunogenic

through oral tolerance is poorly understood, but
it is known to require the participation of regula-
tory T (Treg) cells expressing the transcription factor
Foxp3 (1, 2). Two types of Foxp3+ CD4+ Treg cells
exist: the thymic Treg (tTreg) cells that develop from
hematopoietic progenitors in the thymus, and the
peripheral Treg (pTreg) cells that develop extra-
thymically from conventional T cells (3–6).
pTreg cells are abundant in the intestine but

not in the secondary lymphoid tissues (7), im-
plying that pTreg cells develop in response to
enteric Ags derived from the commensal micro-
biota and/or food. In the colon, the intestinal
microbes induce the development of pTreg cells,
and these cells are depleted in germ-free (GF)
mice (7–9). However, GF mice possess normal
numbers of pTreg cells in the small intestine (7),
the origin of which has yet to be documented.
Oral administration of a nominal protein Ag
under experimental conditions can induce a
fraction of Ag-specific CD4+ T cells to differenti-
ate into pTreg cells (10), but whether pTreg cells
are generated in response to a typical diet thus
far has beenunknown. To address this,we studied
the effect of depleting dietary Ags by raisingmice
on a chemically defined elemental diet devoid of
macromolecules. We derived such Ag-free (AF)
mice by producing offspring from GF mice that

were weaned onto and subsequently raised on
the elemental Ag-free diet (table S1) (11).
Young adult AF C57BL/6 (B6) mice appeared

healthy, were similar in size and weight, and
possessed comparable serum biochemical and
metabolic markers, except for moderately low lev-
els of vitamin A and D, albeit within the accept-
able ±100% range relative to those of specific
pathogen-free (SPF) and GF B6 mice (fig. S1). As
previously reported (12, 13), AF mice had lower
serum immunoglobulins, normal-sized spleens,
and lower lymphocyte counts in the small intes-
tinal lamina propria (siLP), but not in the colonic
lamina propria (cLP), relative to SPFmice (fig. S2).
The hypocellularity in the siLP was particularly
pronounced for CD4+ T cells because of the de-
pletion of memory-phenotype (CD44hi CD62Llo)
cells, including Tbet+ cells (Fig. 1, A and B, and
fig. S4); CD4+ T cell counts in the cLP were nor-
mal, but memory-phenotype CD4+ T cells were
significantly decreased, as in GF mice (figs. S3
and S4). These phenotypes suggest that local ac-
tivation of CD4+ T cells in the small intestine is
driven mainly by dietary Ags, whereas in the co-
lon it is induced by the microbiota.
Foxp3+ CD4+ Treg cell counts in adult AF B6

mice were also normal in the periphery but
much reduced in the intestine compared with
those of SPFmice. In the cLP, AFmice resembled
GF mice and possessed about half the percent-
ages and total numbers of Treg cells relative to
SPF mice (Fig. 1C and fig. S5B). In the siLP of AF
mice, despite higher percentages, total numbers
of Treg cells were about one-fifth those of GF and
SPF mice (Fig. 1, C and D). To distinguish be-
tween tTreg and pTreg cell subsets, the expres-
sion of neuropilin-1 (Nrp-1) was analyzed. As
reported previously (7), pTreg cells expressing
little Nrp-1 (Nrp-1lo ) were largely absent in the
spleen and lymph nodes but made up 50 to 70%
of Treg cells in the siLP and cLP in SPF mice; in

GF mice, pTreg cells were rare in the cLP but
prominent in the siLP (Fig. 1E). In contrast, in AF
mice, Nrp-1lo pTreg cells were depleted in both
the siLP and cLP (Fig. 1E). IntestinalNrp-1lo pTreg
cells in SPFmice, but not the few remaining in AF
mice, also expressed higher levels of CTLA-4 and
the cytokine interleukin (IL)–10 than Nrp-1hi tTreg
cells did (figs. S6 and S7). IL-10+ Foxp3– CD4+

cells, which were presumably type 1 regulatory
T (Tr1) cells, were present in low numbers in the
gut of SPF but not of GF and AF mice, and Tr1
cells expressed lower levels of IL-10 than did
Foxp3+ Treg cells (fig. S7, A and B). Together,
these results indicate that dietary Ags induce
the development ofmost of pTreg cells in the siLP
under normal conditions, and pTreg cells appear
more essential thanTr1 or tTreg cells in regulating
immune responses to dietary Ags.
To assess the relative contributions of milk

versus solid-food Ags in inducing the develop-
ment of intestinal pTreg cells, neonatal and adult
mice were examined. pTreg cells in the siLP were
sparse before weaning in AF, GF, and SPF B6
mice but became prominent shortly after wean-
ing these mice onto a normal chow diet (Fig. 2A
and fig. S8). Furthermore, the deprivation of die-
tary Ags, accomplished by weaning neonatal GF
mice onto the Ag-free diet or onto an “amino
acid” diet that was devoid of proteins, prevented
efficient development of pTreg cells in the siLP
(Fig. 2, B and C); in addition, unlike regular AF
mice, these mice had normal levels of serum
vitamin A, which promotes the generation of
pTreg cells through its metabolite retinoic acid
(fig. S9, A and B) (14, 15). Moreover, the adminis-
tration of retinoic acid to adult AF mice did not
result in the emergence of siLP pTreg cells (fig.
S9C). Hence, the majority of pTreg cells in the
siLP develop in response to Ags derived from
proteins in a solid-food diet. As expected, siLP
pTreg cells underwent rapid turnover and had a
short life span when deprived of food Ags. Thus,
when adult (8-week-old) GFmice were placed on
the Ag-free diet, the fraction of siLP pTreg cells
decreased considerably (by ~40%) after ~4weeks
(Fig. 2D). These results indicate that pTreg cells
in the siLP are continuously generated and re-
placed in response to dietary Ags, with a half-
life of 4 to 6 weeks.
In addition to dietary Ags, commensal micro-

bial Ags presumably contribute to the genera-
tion of pTreg cells in the siLP. To determine
whether such pTreg cells can be selectively iden-
tified, we examined the expression of RAR (reti-
noic acid receptor)–relatedorphan receptor gamma
t (RORgt), which is expressed by lymphocytes
that interact with microbes (16). As previously
reported (17), in SPF B6 mice, RORgt+ Treg cells
were present in the siLP and cLP, mostly as
Nrp-1lo pTreg cells (Fig. 3, A and B). In contrast,
RORgt+ Treg cells were almost undetectable in
GF and AF B6 mice (Fig. 3, A and B); RORgt+

CD4+ conventional T cells were similarly absent
(fig. S10, A and B). The gut RORgt+ Treg cells
rapidly appeared in GF mice after convention-
alization (fig. S10, C and D). Moreover, treatment
of SPF mice with a cocktail of antibiotics for 4
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weeks from the time of weaning led to a de-
pletion of RORgt+ pTreg cells in the siLP and cLP,
without affecting the generation of RORgt– pTreg
cells (Fig. 3C). In addition, weaning SPF mice
onto theAg-free diet or an amino acid diet caused
a severe reduction of Nrp-1lo pTreg cells in the
siLP, mostly due to a depletion of RORgt– pTreg
cells (Fig. 3D and fig. S11). The bacterial load, but
not the composition, in the feces of SPFmice that
were weaned onto the Ag-free diet was relatively
normal (fig. S12). Collectively, these findings add
to recent reports (18, 19) by showing that whereas
RORgt+ pTreg cells are induced by commensal
microbiota, RORgt– pTreg cells are driven by die-
tary Ags.
We next examined the dendritic cell (DC) sub-

sets in the intestines of AF mice. Unexpectedly,

the siLP of AF mice contained a ~40% lower
representation of the CD103+ CD11b+ subset that
promotes pTreg cell development (14, 20) and
about three times the proportion of the CD103+

CD11b– subset, relative to SPF and GF mice,
resembling conventional splenic DCs (fig. S13, A
toC) (21).However, such a skewedDCcomposition
only partially explains the paucity of pTreg cells in
the intestines of AF mice. This is because a nor-
mal DC subset composition was found in the
mesenteric lymph nodes of AF mice, which are
the induction sites of pTreg cell development;
moreover, purified CD103+ CD11b+ DCs from the
siLP of AF mice were able to efficiently stimu-
late T cells (fig. S14, A and B) and induce up-
regulation of Foxp3 in OT-II cells under in vitro
conditions (fig. S14, C and D). Furthermore,

weaning neonatal AF or GF mice, which also
possess the skewed DC subsets (fig. S13D), onto
a chow diet led to the normalization of DC sub-
sets within 1 week (fig. S13, D and E) and efficient
development of pTreg cells within 2 weeks in the
siLP (Fig. 2A). Lastly, siLP pTreg cells from neo-
natal AFmiceweaned onto a chowdiet exhibited
~50% demethylation at the CNS2 regions of the
Foxp3 locus (fig. S15), indicative of stable Foxp3
expression, as previously reported (7, 22).
Despite the deficiency in siLP pTreg cells, B6

SPF or GF neonatal mice do not develop food
allergies when they are weaned onto a chow diet.
This could be due to various anti-inflammatory
proteins in milk (23), such as immunoglobulins,
transforming growth factor (TGF)–b, osteopon-
tin, and lactadherin, which could ameliorate
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Fig. 1. Depletion of macromolecules from the diet precludes the devel-
opment of pTreg cells in the small intestine. Shown are comparisons of
Tcell populations from the siLP and cLP harvested from aged-matched young
adult (6- to 10-week-old) SPF, GF, and AF B6 mice. (A) CD4+ T cells from the
siLP, expressed as percentages of lymphocytes (left) and total numbers
(right). (B) Representative fluorescence-activated cell sorting (FACS) plots of
CD44 versus CD62L (numbers in the boxes indicate percentages of cells
in the gate), with a graph of the percentages of CD44hi CD62Llo cells among
the siLP CD4+ Tcells. (C) Representative FACS plots of CD4 versus Foxp3 on

gated CD4+ Tcells from the spleen (SPL), siLP, and cLP. (D) Foxp3+ CD4+ Tcells
from the siLP are expressed as percentages of lymphocytes (left) and total
numbers (right). (E) Representative histograms of Nrp-1 expression, with a
graph of the percentages of Nrp-1lo cells among gated Foxp3+ CD4+ T cells
from the SPL, mesenteric lymph node (mLN), siLP, and cLP. At least four in-
dependent experiments had similar results. Graphs in (A), (B), and (D) show
pooled data points from four independent experiments. P values were deter-
mined by one-way analysis of variance (ANOVA) with the Bonferroni post-test.
Error bars show SEM. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant.
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the allergic response. We therefore examined
the effect of feeding adult B6 AF mice a sterile
chow diet; this failed to induce any gross sign
of intestinal pathology. However, the initial local
immune response to dietary Ags could be vig-
orous because of the absence of pTreg cells and
the increased numbers of siLP CD103+ CD11b–

DCs. Hence, we adoptively transferred ov-
albumin (OVA)–specific naïve OT-II CD4+ T cells
into adult AF mice and then gave them OVA
orally. Examination on day 7 revealed that OT-II
cells in the siLP of AF mice expanded ~50 and
7 times as much as in control SPF and GF mice,
respectively (Fig. 4A). Moreover, whereas the
majority (~60%) of expanded OT-II cells up-
regulated Foxp3 in SPF and GF mice, only ~30%

of OT-II cells up-regulated Foxp3 in AF mice
(Fig. 4B).
The expanded OT-II cells in AF mice, some of

which could be due to homeostatic proliferation,
readily differentiated into Tbet+ T helper 1 (Th1)
cells, leading to the generation of ~400 or ~14
times as many Th1 cells as in SPF or GF mice,
respectively; a similar trend, at smaller magni-
tudes, applied to interferon-g+ OT-II cells (Fig.
4C and fig. S16A). Moreover, the relative ratio of
Treg to Th1 OT-II cell generation in AF mice was
one-twentieth that in SPF mice (fig. S16B). Un-
like the Th1 response, Th2 and Th17 responses in
AF hosts were comparable to that in control SPF
hosts. Hence, whereas GF hosts had increased
Th2 responses to OVA, AF hosts possessed only

background levels of OVA-specific and total serum
immunoglobulin E (IgE), a minimal number of
GATA3+ OT-II cells, and a similarly moderate
percentage of RORgt+ OT-II cells as that observed
in control SPF hosts (Fig. 4D and fig. S16, C to F).
As expected, Foxp3+ OT-II cells in AF hosts were
mostly Nrp-1lo pTreg cells and expressed higher
levels of CTLA-4 and IL-10 than host Treg cells,
which were mostly tTreg cells (fig. S17, A to C).
Unexpectedly, the majority of Foxp3+ OT-II cells
were RORgt+ (fig. S16, E and F), indicating that
dietary proteins can induce the development of
RORgt+ pTreg cells from a fraction of the T cell
repertoire in the absence of the commensal mi-
crobiota. Nonetheless, the major characteristics of
the OT-II response observed in the siLP of AF
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Fig. 2. The bulk of small intestinal pTreg cells develop
when solid food is introduced and have a relatively
short life span. (A to C) Analysis of Nrp-1 expression on
gated Foxp3+ CD4+ Tcells from the siLP and cLP of neonatal
(3-week-old) GF and AF B6 mice, before and after weaning
onto a specific diet. Shown are representative histograms of
Nrp-1 expression, with graphs of the percentages of Nrp-1lo

cells on gated Foxp3+ CD4+ T cells (A) from the siLP of
neonatal GF and AF mice before and 4 and 8 weeks after
weaning onto a sterile chow diet (CD), (B) from the indi-
cated tissues of neonatal GF mice 2 and 4 weeks after
weaning onto the Ag-free or sterile chow diet, and (C) from
the indicated tissues of GF mice 3 weeks after weaning
onto a sterile chow diet or an amino acid diet devoid of
proteins. (D) Adult (8-week-old) GFmice were fed with the
Ag-free diet (AFD) for 2 and 4 weeks, and Nrp-1 expression
on siLP and cLP Foxp3+ CD4+ T cells was examined. Rep-
resentative histograms of Nrp-1 expression (left) and graphs
of percentages and numbers
(right) of Nrp-1lo Foxp3+ CD4+

Tcells are shown.Graphs in (A),
(B), and (D) show combined
data points from two indepen-
dent experiments. The graph
in (C) is representative of two
independent experiments. P
values were determined by
two-tailed unpaired Student’s
t tests [(B) and (C)] and one-
wayANOVAwith theBonferroni
post-test (D). Error bars show
SEM. *P < 0.05; **P < 0.01;
***P < 0.001.
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hosts were also evident in the mesenteric lymph
nodes, but not in the spleen, indicating that the
pronounced OVA-driven OT-II cell response in AF
mice is restricted to the gut-associated lymphoid
tissues. The massive OT-II response in AF hosts
also was not due to more efficient Ag presenta-
tion of OVA related to a lack of competition from
other proteins or low vitamin A levels, because
similar T cell expansion occurred in a group of
AFmice that were fed with a sterilized chow diet
just before introducing OVA or injected with ret-
inoic acid during OVA feeding (fig. S18). Overall,
these findings indicate that siLP pTreg but not

tTreg cells are essential to suppressing a default
strong immune response to newly introduced
dietary Ags.
Lastly, based on the OT-II response observed

above, we tested whether food allergies can be
induced in an experimental model. Hence, neo-
natal SPF BALB/c mice were weaned onto an
amino acid diet (because B6 mice are generally
resistant to food allergies) and immunized with
OVA. Two weeks later, repeated gavage with
OVA led to a higher incidence and severity of
diarrhea, with a trend toward higherOVA-specific
serum IgE, in the amino acid diet–fed mice than

in control mice (Fig. 4E and fig. S19). Hence, the
lack of pTreg cells led to an increased susceptibility
to OVA-induced intestinal allergy.
Our work demonstrates that under normal

physiological conditions, macromolecules from
the diet induce the bulk of pTreg cell development
in the siLP, but not in the cLP. Most siLP pTreg
cells develop after weaning onto solid food, pre-
sumably reflecting the limited antigenic com-
plexity ofmilk, an immature state of the immune
system in neonatal mice, and/or the presence of
components exclusively found in solid food that
boost pTreg cell development. The expansion of
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Fig. 3. Under normal conditions, a subset of
small intestinal pTreg cells is induced to develop
by the commensal microbiota and expresses
RORgt. Shown are analyses of RORgt expression
on gated Foxp3+CD4+Tcells from the siLPand cLP
of young adult SPF, GF, and AF B6 mice [(A) and
(B)] or on SPFmice after treatment with antibiotics
or after weaning onto an Ag-free diet [(C) and (D)].
(A) Representative histograms of RORgt expres-
sion, with a graph of the percentages of RORgt+

cells among gated Foxp3+ CD4+ T cells from the
SPL, mLN, siLP, and cLP of SFP, GF, and AF mice.
(B) Representative FACS plot of Nrp-1 versus RORgt
on gated Foxp3+ CD4+ T cells from the indicated
tissues and mice. (C and D) Representative FACS
plots of Nrp-1 versus RORgt, with graphs of the per-
centages of Nrp-1lo (left) and RORgt+ cells (right)
among Foxp3+ CD4+ Tcells in the siLP and cLP of
recently weaned SFPmice; themice were given wa-
ter with orwithout broad-spectrumantibiotics (ABX)
(C) or a chow diet or Ag-free diet (D) for 4 weeks.
The graph in (A) is representative of at least two
independent experiments, and graphs in (C) and
(D) show combined data points from two indepen-
dent experiments.P valuesweredeterminedbyone-
way ANOVAwith the Bonferroni post-test in (A) and
by two-tailed unpaired Student’s t tests or t tests
with Welch’s correction in case of unequal variance
in (C) and (D). Error bars showSEM. *P<0.05; **P<
0.01; ***P < 0.001.
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siLP pTreg cells after weaning appears to be es-
sential to suppressing a default strong immune
response to dietary Ags, supporting the view that
pTreg cells are important for controlling mucosal
inflammatory and allergic responses (6, 10, 24).
The data could also explain why children suffer
from a higher incidence of food allergies than
adults do and why childhood allergies spontane-
ously dissipate with time (25). Nevertheless, de-
spite their lack of siLP pTreg cells, most neonates
do not exhibit food allergies. Such tolerance
might reflect multiple mechanisms, including
efficient pTreg cell induction by the high levels of
TGF-b in milk (23), compensatory suppression
by tTreg cells, and/or rapid generation of pTreg
cells induced by commensal microbial Ags. For
the last of these, it is known that germ-free mice

spontaneously produce large amounts of IgE
and that this can be prevented by colonization
with a complex commensal microbiota (26, 27).
Hence, the presence of both diet- and microbe-
induced populations of pTreg cells may be re-
quired for complete tolerance to food Ags.
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(right) of OT-II cells. (B) Foxp3 up-
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ION CHANNELS

Sequential ionic and conformational
signaling by calcium channels
drives neuronal gene expression
Boxing Li,1* Michael R. Tadross,2,3*† Richard W. Tsien1,2

Voltage-gated CaV1.2 channels (L-type calcium channel a1C subunits) are critical
mediators of transcription-dependent neural plasticity. Whether these channels signal
via the influx of calcium ion (Ca2+), voltage-dependent conformational change (VDC), or
a combination of the two has thus far been equivocal. We fused CaV1.2 to a ligand-gated
Ca2+-permeable channel, enabling independent control of localized Ca2+ and VDC signals.
This revealed an unexpected dual requirement: Ca2+ must first mobilize actin-bound
Ca2+/calmodulin-dependent protein kinase II, freeing it for subsequent VDC-mediated
accumulation. Neither signal alone sufficed to activate transcription. Signal order was
crucial: Efficiency peaked when Ca2+ preceded VDC by 10 to 20 seconds. CaV1.2 VDC
synergistically augmented signaling by N-methyl-D-aspartate receptors. Furthermore, VDC
mistuning correlated with autistic symptoms in Timothy syndrome. Thus, nonionic VDC
signaling is vital to the function of CaV1.2 in synaptic and neuropsychiatric processes.

V
oltage-gated CaV1.2 channels (L-type cal-
cium channel a1C subunits) play an impor-
tant role in transcription-dependent forms
of synaptic and homeostatic plasticity (1–6),
and CaV1.2 alterations have been linked to

severe neuropathologies (7, 8). The influx of Ca2+

is required in CaV1.2-mediated transcription (4),
but it remains unclear whether voltage-dependent
conformational change (VDC) provides a neces-
sary additional signal. There is precedence for
VDC signaling: CaV1.1 uses only VDC to initiate
skeletal-muscle contraction (9, 10). However, a
signaling role for VDC has been difficult to es-
tablish in excitation-transcription coupling, be-
cause eliminating voltage-dependent opening of
the channel also prevents Ca2+ influx through the
CaV [but see (11)].
We fused CaV1.2 to an adenosine triphosphate

(ATP)–gated, Ca2+-permeable, tandem-trimeric
P2X2 channel (ttP2X) (Fig. 1A). The ttP2X was
used to provide Ca2+ influx independently of
whether CaV1.2 was open or closed; the tethering

between the channels (Fig. 1A) localized ttP2X
influx to the CaV1.2 nanodomain (12, 13).
We confirmed the integrity of the chimeric

protein and the functionality of its components
(fig. S1). In human embryonic kidney (HEK) 293
cells, the Ca2+ current appeared only at depolar-
ized potentials in the absence of ATP (Fig. 1B,
black u-shaped trace), as expected for a voltage-
gated CaV1.2. On addition of ATP, the ttP2X
portion of the chimera also supported Ca2+ in-
flux, evident as an additional inward current at
negative potentials (Fig. 1B, gray trace). Cd2+,
which blocks the CaV1.2 pore (14) but not the open-
ing of ttP2X, did not prevent the ttP2X-mediated
entry of Ca2+ (Fig. 1B, blue trace). We further
validated the function of the chimeric compo-
nents in cultured neurons, rendering the CaV1.2
portion dihydropyridine-insensitive (DHPi) to
enable its distinction from endogenous chan-
nels (6) and confirming that ATP had no effect
on untransfected neurons (fig. S1). Whereas ttP2X
on its own distributed uniformly over the soma-
todendritic surface, ttP2X fused to CaV1.2 formed
puncta and signaled more potently (fig. S1), con-
sistent with localization to signaling hotspots.
These control experiments framed critical

tests of the roles of Ca2+ and VDC in signaling
to nuclear CREB (cyclic adenosine monophos-
phate response–element binding protein), a tran-
scription factor that is critical in many forms of

learning and memory (Fig. 1, D and E) (1, 2, 15).
Providing Ca2+ and VDC in combination via the
depolarization of neurons (3 min of exposure to
40 mM K+ (40K+)] (Fig. 1C, black traces) in-
creased the phosphorylation of nuclear CREB
(pCREB) at Ser133 threefold (Fig. 1D, second row)
(3–5). The pCREB response was abolished by
Cd2+ (Fig. 1D, third row), which prevents CaV1.2
from conducting Ca2+ without affecting de-
polarization (Fig. 1C, gray traces) or voltage-
dependent gating (14); this confirms the known
requirement for Ca2+ influx in signaling to pCREB
(4, 6, 13). Next, we rerouted Ca2+ through the
neighboring ttP2X by blocking the CaV1.2 pore
with Cd2+ and opening the ttP2X portion of the
chimera with ATP. This generated depolariza-
tions and increases in bulk Ca2+ that were nearly
identical to those achieved with 40K+ (Fig. 1C,
compare blue with black traces, and fig. S2, A
and B) and increased pCREB to the same degree
as 40K+ (compare Fig. 1E, top row, with Fig. 1D,
second row), confirming the utility of the chi-
meric channel approach.
We thus could use the chimera to determine

whether localized Ca2+ influx can drive CREB
activation in the absence of VDC. In a first test,
we provided the localized influx of Ca2+ by means
of ATP activation of the chimeric ttP2X, but we
attenuated VDC signals through hyperpolariza-
tion, which was achieved by coexpressing and
activating an ivermectin-gated chloride channel
(GlyIVR) (16). This manipulation prevented neu-
ronal depolarization (fig. S2C) and thus increased
Ca2+ flux through the chimeric ttP2X (Fig. 1B,
blue). Nonetheless, this manipulation inhibited
signaling to CREB (Fig. 1E, second row). The
attenuation of CREB signaling required a com-
bination of GlyIVR expression and ivermectin
(fig. S2D) and could not be attributed to increased
Ca2+ influx (fig. S2E).
In a second test, we inhibited CaV1.2 confor-

mational opening with nimodipine. This CaV1-
selective agent (17, 18) blocked ATP-mediated
CREB signaling (Fig. 1E, third row) without
affecting depolarization or Ca2+ influx (Fig. 1C,
compare orange with blue). Nimodipine did not
block the pCREB response when the chimeric
CaV1.2 was rendered nimodipine-insensitive (Fig.
1E, bottom row), excluding potential off-target
effects of the drug. Similar results were obtained
with CREB-dependent expression of the imme-
diate early gene c-fos (fig. S3). Thus, CaV1.2 sig-
naling to pCREB and gene expression requires
two distinct messages: The Ca2+ signal works in
conjunction with an equally indispensable VDC
signal arising from CaV1.2.
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