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Abstract

A large body of evidence indicates that metazoan innate immunity is regulated by the nervous system,
but the mechanisms involved in the process and the biological significance of such control remain
unclear. We show that a neural circuit involving npr-1, which encodes a G-protein-coupled receptor
related to mammalian neuropeptide Y receptors, functions to suppress innate immune responses. The
inhibitory function of NPR-1 requires a cyclic GMP-gated ion channel encoded by tax-2 and tax-4
as well as the soluble guanylate cyclase GCY-35. Furthermore, we show that npr-1- and gcy-35-
expressing sensory neurons actively suppress immune responses of non-neuronal tissues. A full-
genome microarray analysis on animals with altered neural function due to mutation in npr-1 shows
an enrichment in genes that are markers of innate immune responses, including those regulated by a
conserved PMK-1/P38 MAPK signaling pathway. These results present evidence that neurons
directly control innate immunity in C. elegans, suggesting that G-protein coupled receptors may
participate in neural circuits that receive inputs from either pathogens or infected sites and integrate
them to coordinate appropriate immune responses.

Innate immune defense comprises a variety of mechanisms used by metazoans to prevent
microbial infections. Activation of the innate immune system upon pathogen recognition
results in a rapid and definitive microbicidal response to invading microorganisms that is fine-
tuned to prevent deleterious deficiencies or excesses in the response. The nervous system,
which can respond in milliseconds to many types of nonspecific environmental stimuli, has
several characteristics that make it an ideal partner with the innate immune system to regulate
nonspecific host defenses (1-3). However, even though a large body of evidence indicates that
metazoan innate immunity is under the control of the nervous system, the mechanisms involved
in the process and the biological significance of such control remain unclear. To provide
insights into the neural mechanisms that regulate innate immunity, we have taken advantage
of the simple and well studied nervous and innate immune systems of Caenorhabditis elegans.

The powerful genetic approaches available to C. elegans research have been used to address
central questions concerning the functions of the nervous system (4). With its 302 neurons and
56 glial cells, which represent 37% of all somatic cells in a hermaphrodite, the nervous system
is perhaps the most complex organ of C. elegans. Ablation of different neurons has
demonstrated that sensory neurons regulate a variety of physiological processes, including
dauer formation and adult lifespan (5-8). In addition, C. elegans neurons are known to express
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numerous secreted peptides of the TGF beta family, the insulin family, and neuropeptide
families (6,9-13). This myriad of secreted factors has the potential to act at a distance to
modulate various physiological processes by regulating the function of neuronal and non-
neuronal cells throughout the animal.

Like other free-living nematodes, C. elegans lives in soil environments where it is in contact
with soil-borne microbes, including human microbial pathogens; it has evolved physiological
mechanisms to respond to different pathogens by activating the expression of innate immune
response genes that are conserved across metazoans (14-19). C. elegans also has behavioral
responses to pathogenic bacteria such as Bacillus thuringiensis (20,21), Microbacterium
nematophilum (22), Photorhabdus luminescens (23), Pseudomonas aeruginosa (24-26) and
Serratia marcescens (24,27,28). Animals infected with these pathogens avoid lawns of the
pathogen, or migrate away from pathogen odors. It is currently unknown how the nematode
can sense pathogenic bacteria, though mutants in sensory transduction molecules such as the
Gi-like protein ODR-3 and the G protein receptor kinase GRK-2 are incapable of S.
marcescens lawn avoidance (28). These results suggest that G-protein coupled receptors may
participate in neural circuits that receive inputs from either pathogens or infected sites and
integrate them to coordinate appropriate defense responses.

To study the role of GPCRs in the regulation of innate immune response, we first determined
the susceptibility of forty C. elegans strains carrying mutations in GPCRs to the human
opportunistic pathogen Pseudomonas aeruginosa strain PA14, a clinical isolate capable of
rapidly killing C. elegans at 25°C (29,30) (Table 1). Out of the 40 mutants studied, three
mutants exhibited enhanced resistance to P. aeruginosa and only one mutant exhibited
enhanced susceptibility to P. aeruginosa (Fig. 1, A and B). Interestingly, the strain exhibiting
enhanced susceptibility to P. aeruginosa-mediated killing carries a loss-of-function mutation
in npr-1, which encodes a G protein-coupled receptor related to mammalian neuropeptide Y
receptors (31).

In order to determine whether the enhanced susceptibility to P. aeruginosa exhibited by npr-1
(ad609) animals (Fig. 1A) was due to a reduction in lifespan or a deficient response to
potentially pathogenic bacteria, npr-1(ad609) nematodes were fed heat-killed P. aeruginosa
on plates supplemented with ampicillin. No difference in survival was seen between npr-1
(ad609) and wild-type nematodes under these conditions, suggesting that the npr-1 mutation
affects the immune response to living pathogenic bacteria without altering the basic lifespan
of the animals (Fig. 1C and Fig. S1).

We confirmed that NPR-1 is required for C. elegans defense to P. aeruginosa by exposing five
additional npr-1 mutants to the pathogen and comparing their survival to that of wild-type
animals (Fig. 1D). Strains carrying loss-of-function alleles npr-1(ky13), npr-1(n1353), or npr-1
(ur89) or the reduced-function allele npr-1(g320) were more susceptible to P. aeruginosa than
wild-type, confirming that NPR-1 is required for the defense response to this pathogen.
Interestingly, while the German wild isolate RC301, which contains the npr-1(g320) allele
(31), is not significantly susceptible to P. aeruginosa compared to wild type, the npr-1(g320)
allele confers susceptibility to P. aeruginosa in an N2 background (Fig. 1D). These results
suggest that the German isolate may have evolved a mechanism to compensate for the increased
susceptibility to pathogens due to reduced NPR-1 activity.

To determine whether the immune deficiency due to mutation in the npr-1 gene is specific for
P. aeruginosa infection, we exposed npr-1(ad609) nematodes to Salmonella enterica and
Enterococcus faecalis, two human pathogens known to kill C. elegans (32-34). As shown in
Figures S3A and S3B, npr-1(ad609) nematodes exhibited enhanced susceptibility to these
pathogens, suggesting that NPR-1 is required for immune responses to pathogens in general.
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NPR-1 is involved in a neural circuit that integrates behavioral responses to environmental
oxygen, food, and other animals. In nature, NPR-1 is found in two allelic forms that differ in
a single amino acid at position 215, NPR-1(215V) and NPR-1(215F) (31). The NPR1(215V)
allele, which is found the in standard laboratory strain, has high activity whereas the NPR-1
(215F) allele has low activity (35,36). Wild-type npr-1(215V) animals avoid oxygen levels
above 10% when food is absent, but fail to avoid high oxygen in the presence of E. coli bacteria,
the food provided to C. elegans in the laboratory. By contrast, npr-1(215F) and npr-lanimals
carrying loss-of-function (If) alleles have strong hyperoxia avoidance in the absence or
presence of E. coli (37). Asaresult, npr-1(215F) and npr-1(If) show a preference for the thickest
part of a bacterial lawn, the region in which oxygen levels are the lowest (35). In addition, as
nematode aggregation into feeding groups decreases local oxygen concentrations, npr-1
(215F) and npr-1(If) form aggregates of nematodes when the animals are grown at densities
high enough to allow this behavioral response (37).

One potential explanation for the reduced lifespan of npr-1(If) mutants grown on bacterial
pathogens is that aggregation increases nematode susceptibility to pathogen infection.
However, the animal density in the assays where the susceptibility to pathogens is tested was
not sufficient to elicit aggregation, making this possibility unlikely (Fig. 2D). Even though
npr-1(ad609) animals did not aggregate, they still exhibited a preference for the thickest part
of the lawn where oxygen concentrations are lower (Fig. 2, C and D). In addition, long-term
exposure to P. aeruginosa caused wild-type animals to leave the bacterial lawn, a potentially
protective behavioral response, but leaving was not observed in npr-1(ad609) animals.
Although the number of bacterial cells in npr-1(ad609) animals was not found to be greater
than that in wild-type animals (Fig. S2) at early stages of the infection, suggesting that the
bacterial dose received by the two animals is comparable, we asked whether the behavior of
npr-1(ad609) animals could affect susceptibility to pathogens. Thus, we grew animals on agar
plates that were completely covered in P. aeruginosa, a condition that eliminates both the lawn
border (favored by npr-1 animals) and the ability to leave the lawn (favored by wild-type
animals). As shown in Figure 2E, wild-type animals grown on plates completely covered by
P. aeruginosa died at a higher rate than animals grown on plates containing a small lawn of
P. aeruginosa in the center of the plate. npr-1(ad609) animals were equally susceptible to P.
aeruginosa when grown on full or center lawns. Together, these results indicate that the lawn-
leaving behavior of wild-type animals contributes to their increased survival. However, npr-1
(ad609) animals still exhibited enhanced susceptibility to P. aeruginosa compared to wild type
when the infections were performed in plates containing full lawns (Fig. 2E). These results
indicate that lawn avoidance is part of C. elegans defense response to P. aeruginosa, but cannot
account for all of the difference between wild-type and npr-1(ad609) animals.

To ask whether other elements of the oxygen response contribute to the enhanced susceptibility
of npr-1(ad609) nematodes, animals grown at 21% oxygen were compared to those grown at
8% oxygen, a favorable oxygen environment that suppresses most behavioral phenotypes of
npr-1 mutants. Under 8% oxygen, npr-1(ad609) animals do not exhibit a preference for the
bacterial border, and are capable of leaving the P. aeruginosa lawn. As shown in Figure 2F,
npr-1(ad609) animals were more resistant to P. aeruginosa-mediated killing at 8% oxygen
than at 21% oxygen, but were still more susceptible than wild-type animals at 8% oxygen.
These results indicate that animals deficient in NPR-1 activity are more susceptible to P.
aeruginosa due to two factors: decreased pathogen avoidance and decreased innate immune
responses.

The increased susceptibility of npr-1(ad609) to S. enterica (Fig. S3A), a pathogen that does
not elicit an avoidance behavior (38), is consistent with a role of NPR-1 in the regulation of
immune responses that are independent of pathogen avoidance. Since a small amount of S.
enterica that passes through the pharyngeal grinder proliferates and colonizes the intestine in
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a process that is independent of the dose (32), and the pumping rates of npr-1(ad609) animals
are comparable to those of wild type (Fig. S4), the results further support the function of NPR-1
in the regulation on immune responses.

Genetic studies have identified a chemosensory circuit that coordinates oxygen preference and
aggregation in npr-1 mutants (35,37,39-42). Aggregation and bordering of npr-1(ad609)
nematodes depend on functional gcy-35, tax-2, or tax-4 genes (31,40,43). GCY-35 is a soluble
guanylyl cyclase (sGC) that binds directly to molecular oxygen, and TAX-2 and TAX-4 are
two subunits of a cGMP-gated-ion-channel (31,40,43). Through the activity of GCY-35 and
other guanylate cyclases and the subsequent activation of TAX-2/TAX-4, AQR, POR, and
URX sensory neurons drive avoidance of high oxygen; these neurons are thought to be
hyperactive in npr-1 mutants (40). To determine whether this part of the NPR-1 neural circuit
regulates innate immune response, we studied the pathogen susceptibility of npr-1(ad609)
animals carrying loss-of-function mutations in gcy-35, tax-2, or tax-4. As shown in Figure 3,
the enhanced susceptibility to P. aeruginosa of npr-1(ad609) animals was rescued by mutations
in gcy-35, tax-2, or tax-4. Similar results were obtained when the infections were performed
in plates containing full lawns of P. aeruginosa (Fig. S5).

NPR-1 is expressed in at least twenty different neurons, including the gcy-35-expressing
sensory neurons AQR, PQR, and URX (35). To confirm that at least AQR, PQR, and URX
neurons are part of a neural network that inhibits innate immunity, we studied the susceptibility
to P. aeruginosa of a strain in which these neurons were genetically ablated by expressing the
cell-death activator gene egl-1 under the control of the gcy-36 promoter (42). The strain lacking
AQR, PQR and URX neurons exhibited a significantly increased survival on P. aeruginosa
(Fig. 3D), indicating that AQR, PQR and URX neurons suppress innate immunity. In addition,
lack of AQR, PQR and URX neurons partially rescued the enhanced susceptibility to P.
aeruginosa of npr-1(ad609) animals (Fig. 3D). Expression of npr-1 under the control of the
gcy-32 promoter, which drives the expression of npr-1 to AQR, PQR and URX neurons, also
rescued the enhanced susceptibility to P. aeruginosa of npr-1(ad609) animals (Fig. 3E),
providing additional support to the role of these neurons in the regulation of innate immunity.
Consistent with the idea that additional NPR-1 expressing neurons regulate innate immunity
(Fig. 3F), npr-1 expression under the regulation of its own promoter fully rescued the enhanced
susceptibility to P. aeruginosa phenotype of npr-1(ad609) animals (Fig. 3E). Taken together,
these results indicate that genes and cells involved in the NPR-1 neural circuit modulate innate
immune responses.

As in mammals, peristalsis, low pH, and antimicrobial substances prevent microbial
colonization of the C. elegans intestine. In addition, accumulating evidence indicates that
different genetic pathways regulate the expression of C. elegans genes that are markers of
immune response (14-19). To provide insight into the immune function of the NPR-1 neural
circuit, we utilized gene expression microarrays to find clusters of genes upregulated or
downregulated in npr-1(ad609) mutants relative to wild-type animals grown on live P.
aeruginosa (Tables 2 and 3). Interestingly, there is a significant enrichment in NPR-1-regulated
genes that have at least one of three features: they are upregulated by P. aeruginosa infection
in wild-type animals, expressed in the intestine, and/or have already been linked to the C.
elegans P38 MAP kinase, PMK-1, which plays a crucial role in innate immunity (17,44-47)
(Table 4). Further analysis revealed that five of the genes most highly downregulated by NPR-1
are found in a cluster on chromosome V that appears to have been duplicated further
downstream on that chromosome (Table 3). Of these five genes, three are also known to be
downregulated by the C. elegans PMK-1/P38 pathway. Overall, most of the genes regulated
by pathways linked to innate immunity correspond to PMK-1-regulated genes (Fig. 4K). In
addition, these genes are similarly misregulated in animals deficient in NPR-1 or PMK-1
function (Tables 2 and 3). Since pmk-1 is not transcriptionally regulated by NPR-1 (Tables 2
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and 3), we studied whether NPR-1 regulates PMK-1 at the post-transcriptional level. As shown
in Figure 4L, npr-1(ad609) nematodes exhibit lower levels of active PMK-1 than wild-type
nematodes, suggesting that the NPR-1 neural circuit modulates the activation of PMK-1.
Inhibition of pmk-1 gene expression by RNAI in npr-1(ad609) nematodes results in increased
susceptibility (Fig. S6), indicating that while the NPR-1 mediated immune pathway has
overlapping targets with the PMK-1 mediated immune pathway, NPR-1 regulates both PMK-1-
dependent and independent immune responses.

To obtain insight into the mechanism by which gcy-35 mutation rescues the enhanced
susceptibility to P. aeruginosa of npr-1(ad609) animals (Fig. 3A), we used quantitative RT-
PCR (gqRT-PCR) to compare the expression levels of selected genes of npr-1(ad609) to that
of npr-1(ad609);gcy-35(ok769) animals. As shown in Figure 4, a gcy-35 mutation in npr-1
(ad609) animals rescues the altered expression of 10 out of 19 genes tested that are markers
of C. elegans immune response. These results indicate that the NPR-1 neural circuit modulates
the expression of immune-related genes, many of which are known to be expressed in tissues
that are in direct contact with pathogens during infection.

In summary, our results provide evidence that specific genes and neurons in the nervous system
are responsible for effective innate immune responses that are independent of behavioral
phenotypes and may take place in tissues that are in direct contact with pathogens. It has
recently been postulated that cell non-autonomous signals from different neurons may act on
non-neural tissues to regulate processes such as fat storage (48) and longevity (8). C.

elegans neurons can regulate physiological processes through conserved neuroendocrine
signals including insulin-related peptides, TGF-beta peptides, and neuropeptides. The URX,
AQR, and PQR neurons that are part of the NPR-1 neural circuit that regulates innate immunity
are exposed to the pseudocoelomic body fluid, which could communicate neuroendocrine
signals to non-neural tissues involved in defense responses. The identification and
characterization of the specific neuroendocrine signals that regulate innate immune responses
in C. elegans should yield significant insights into the mechanisms used by the nervous system
to regulate similar processes across metazoans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Hyperoxia avoidance of NPR-1-deficient animals increases susceptibility to P. aeruginosa.
(A) C. elegans wild-type N2 animals and (B) npr-1(ad609) mutants were propagated at 20°C
as hermaphrodites on modified NG agar plates seeded with E. coli strain OP50 and then
visualized using a Leica MZ FLIII stereomicroscope. The characteristic aggregate of npr-1
(ad609) nematodes shown here is at the edge of the bacterial lawn. (C) Twelve wild-type N2
and (D) twelve npr-1(ad609) nematodes were exposed to P. aeruginosa for 24 hours under
standard killing assay conditions and visualized using a Leica MZ FLIII stereomicroscope.
Under these conditions, npr-1(ad609) nematodes do not form characteristic aggregates of the
strain. (E) Wild-type N2 and npr-1(ad609) nematodes were exposed to either a full lawn or a
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center lawn of P. aeruginosa on a 3.5 cm in diameter plate and scored for survival over time.
Under both conditions npr-1(ad609) animals were more susceptible to P. aeruginosa-mediated
killing (P=0.0001). Wild-type animals on full lawns were more susceptible to P. aeruginosa-
mediated killing than animals on center lawns (P=0.0001); npr-1(ad609) animals were equally
susceptible (P=0.07). The graph represents combined results of three independent experiments,
N>40 adult nematodes per strain. (F) Wild-type N2 and npr-1(ad609) nematodes at exposed
to P. aeruginosa at either 21% or 8% oxygen and scored for survival over time. Under both
conditions npr-1(ad609) animals were more susceptible to P. aeruginosa-mediated killing
(P=0.0001). npr-1(ad609) animals at 21% oxygen were more susceptible to P. aeruginosa-
mediated Killing than animals at 8% oxygen (P=0.0001); wild-type animals were equally
susceptible (P=0.95). The graph represents combined results of two independent experiments,
N=40 adult nematodes per strain.
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Fig. 3.

The NPR-1 neural circuit regulates innate immunity. (A) Wild-type N2, npr-1(ad609)
(P=0.0001), gcy-35(0k769) (P=0.0125), and gcy-35(ok769);npr-1(ad609) (P=0.0639) were
exposed to P. aeruginosa. (B) Wild-type N2, npr-1(ad609) (P=0.0001), tax-4(p678)
(P=0.1673), tax-4(p678);npr-1(ad609) (P=0.3611), were exposed to P. aeruginosa. (C) Wild-
type N2, npr-1(ad609) (P=0.0001), tax-2(p691) (P=0.0930), tax-2(p691);npr-1(ad609)
(P=0.0031) were exposed to P. aeruginosa. (D) Wild-type N2, npr-1(ad609) (P=0.0001),
galS2241 (P=0.0042), a strain which lacks AQR, PQR, and URX neurons, and npr-1(ad609);
galS2241 (P=0.0001) were exposed to P. aeruginosa. The graphs represent combined results
of at least three independent experiments, N>40 adult nematodes per strain. (E) Wild-type N2,
npr-1(ad609) (P=0.0001), pgcy-32::npr-1; npr-1(ad609) (P=0.0001), and pnpr-1::npr-1;
npr-1(ad609) (P=0.1939) were exposed to P. aeruginosa. The graphs represent combined
results of at least two independent experiments, N>100 adult nematodes per strain. Killing
assays were performed at 17°C, as low temperatures are known to increase the resolution of
killing assays involving P. aeruginosa. (F) Model of the neural control of innate immunity in
C. elegans: NPR-1 inhibits the activity of AQR, PQR, URX and additional neuron(s)
designated YY'Y that suppress innate immunity, while GCY-35, TAX-2, and TAX-4 are
required for the activation of AQR, PQR and URX neurons.
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Fig. 4.

The NPR-1 neural circuit regulates expression of innate immune genes. (A-J) Quantitative
reverse transcription—PCR analysis of C01B4.6/Y19D10A.16, F56A4.9/Y19D10A.7, C01B4.7/
Y19D10A.4, F56A4.12/Y19D10A.11, abf-1, dod-24, F36F12.8, F46F2.3, gst-24, and
T28F2.2 expression in npr-1(ad609) and gcy-35(ok769);npr-1(ad609) nematodes relative to
wild-type nematodes exposed to P. aeruginosa. Data were analyzed by normalization to pan-
actin (act-1,-3,-4) and relative quantification using the comparative cycle threshold method.
Student’s exact t-test indicates differences among the groups are significantly different; bar
graphs correspond to mean £ SEM. Point graphs correspond to gene quantification in
independent isolations of npr-1(ad609)(N=6) and gcy-35(0k769);npr-1(ad609)(N=3). (K) The
Venn diagram lists the genes identified by microarray analysis to be regulated by both NPR-1
and one or more known innate immune pathways in C. elegans. Genes that lie within two or
three circles are regulated by multiple innate immune pathways in addition to NPR-1. Twenty-
six genes have not been previously connected to any of the innate immune pathways and are
depicted in the solitary circle. (L) Immunological detection of active PMK-1. Active PMK-1
was detected in wild-type N2, npr-1(ad609) and gcy-35(0k769);npr-1(ad609). Animals were
grown at 20°C until 1 day old adult and whole worm lysates were used to detect active PMK-1
by Western blotting using an anti-human p38 antibody from Promega, Inc. Actin was detected
using a polyclonal antibody from SIGMA. BioRad Quantity One Analysis Software was used
to scan and analyze the Western blot.

Science. Author manuscript; available in PMC 2010 March 3.



Page 12

Styer et al.

‘SN ‘d9INS 'OINY
‘avvs ‘vnv ‘010

H/12711 °X"N 'HSY Z 401dsdal
ds3 L9v200 G=N /90'V ¥ 08'LE ‘OS8Y ‘IS ‘HOV -4 apndadoinaN JO g wJ040s| 101da0au apndadoanau pajdnod uislold-9 T-1du 609vQA
SIEN
1M S¥26°0 =N 6.2'S ¥ 05'95 apeale ‘s||a0 puelb 16 ZNHd1 uigioad paziisloeieyoun J01dadas urjiydose] z-1e| 8GSTOA
suoJnau
|eabuAreydenxs
1M 68€T°0 Z=N 005’ ¥ 0S'S. ‘el ‘ajosnwi [eabukieyd TN J0idadal auljoyd|A1ede dluLIRISNIA J101da2a1 au1joyd|A1ade payulj-uigioid-9 ¢-1eb /Tzar
NSH ‘suoJnau
1M st 0 €=N €£0'S ¥ 00't9 pJoJ [eluan ‘Alosuas ZIN 101da2a1 auljoydjA1a0e d1uLIRISNIA 101da2a1 au1joyd|A19de payulj-uislold-9 Z-1eb 96,94
INAd
1M 21210 €=N 000’7 002/ ‘su0Inau peay parel|1o TIN 401da9a1 duI]0Yd|A1898 D1ULIRISNIA 101d8231 su1joyd|A190e payull-uiRoid-9 1-1eb 9689y
T 2dA1 101d9934 anbobieyaadss
dy3 12000 €=N€8Z'E€ ¥ £€'68 umoujun auoWLIoY YIMoI9 JO T Wojos] "Od9 snneInd v'ZTHLIGd  6vETaY
101da031 suowloy
1M €20T°0 e=NE€.T9FEEY. umouun Buiseajal -uidosopeuos) Jo T WI040S| J101daday auowloy Buisesjay-uidosopeNOD T-1ub 60594
1M 9.0 €=N G¥¢'9 ¥ 00'09 umouxun Z J01dsoas 44 apndadoinap 4O Z Wwioyos| H0dO daAleInd 1'895€d 19,94
suoJnau 21618 gVvo
‘|1e1 pue plod [eJjusA
ds3 25210 2=N 00050 ¥ 0S'6E ‘peay ay Jo suoinau J01da9as suiwedop (Z)Q 40 Z wiojos| J101dadas suiwedop ax1l-za ¢-dop €/879
vad
1M 16620 €=N 909°€ ¥ 00'SS ‘ary 'giIs 'vis ‘vid J0ydada suiwedop (2)Q 40 € Wioyos| 10ydaday sulwedop ax1l-za ¢g-dop 20.X1
NIY
‘a1d ‘'vNv ‘INTV "OHd
‘N1d ‘OAd ‘Nd
NIV ‘WIV 'WAY
1M 919T°0 =N GV6'€ ¥GL'89  'SIY 's|1921oddns peay Joydaal suiwedop (a1)a J0ydaday suiwedop axi-TA 7-dop 5999y
1M 6891°0 =N 028V ¥ SZ'IS suoinau eabuleyd J10sIn2aid g-pajzzil4 s101dadal auriqIaW JO Ajiwe) pajzzii4 270 291194
dd3 LVED0 €=N YL TFEE8L umouxun 10108281 UIIRISOIBWOS JO g WI0408| HdOd9 sAleINd T'€99G8D T2eTay
1M ¥¥2Z0 €=N¢.S°L ¥ 000L umouxun l0jdaoal d soueisqns HOd9 aAneInd L'6V670 £€cy1ay
dy3 £€5/00 Z2=N 005’6 ¥ 0S'T8 umouxun Z l0)dsoal N uipswoInaN HOd9O anneInd 160870 88219y
T l01dadal
1M L2vE0 ¢=N 000°L ¥ 0089 umouxun auowuoy Bunenusouoo-uluejsiy HOd9 aAneInd [A %0170 682194
1M 8¢5C0 €=N G26'S ¥ ££'89 aunsaut ‘xuAreyd J0)daoau auowioy Buises|al-urdonoiAy L HOd9O anneInd 92T40€0 78219y
1M Y120 =N GTT'G ¥ 00'89 OAd ‘AlV VIV l0ydaoa1 apndad Buises|ai-unoe|old HOd9 anlreInd §'99G620 66,94
m S=N 8¥.'S ¥ 07'LS 2N
%abo%ca ¥IVd anjea-d N ‘INISTFUeSIN 0SA.L ulaned uoissaadx3 ePojowoy uewny 1585010 uondiiossq EIED) urens

NIH-PA Author Manuscript

T algelL

NIH-PA Author Manuscript

esouibniae

d 01 Aunwiwi 81euUl Ul PSAJOAUL 8Je S¥DdD

NIH-PA Author Manuscript

Science. Author manuscript; available in PMC 2010 March 3.



Page 13

Styer et al.

1M 69€8°0 €=N 619t + 00'6S umouxun 101deoay apndad Buises|ai-unoe|oid Hd0dO dAlEINd 7'V8O8SA £6€7T9Y
TINA ‘1199 J0ssaidap
Jeue ‘pJod BAIBU [e1USA
1M €€69°0 €=NTIE'L + EE'ES ‘suoJnau |rey ‘pesH ¢ 8dA) Jojdaoas uneIsorewos HOd9 payuil-utuabolsuA 9-1An S9eTay
1M ¥9¢T1°0 =N LE6°€ ¥ 00'0L umouxun J0jdaoau suowioy Buises|al-uidonoiAy L H0d9O aAleInd 68-0e1 €LCON
Wig)sAs SNoAJaU ‘s]99
1M 8L.2°0 €=N 0v8'G + L9°L9 puelB [euss ‘sunsau| 10)daoas H-uipawioinaN Hd0dO dAlEINd 6v-bey 0LZON
dy3 ¥110°0 €=N 6£8'9 F /9°9/ suoJnau |1e} ‘pesH J103dadau o1b1suaIpe Z-eydy J101daoas auiwe d1uaborg vez-be 220N
BAINA
1M ¥S8T°0 =N £€€£'0 F /9'89 ‘suoJnau |1e) ‘peaH 101d8281 21618UIpE-T-€18q 101d8081 BulweIA | '9z1-be1 GZIOA
1M 9086°0 €=N 9¥9°¢ + 00°LS suoJnau |1e} ‘pesH Jojdsoas surwedop (z)d Jo Z wiosos| H0d9O aAleInd €63¢0L G98.94
1M 95G1°0 =N G76'9 ¥ GZ'¥9 umouxun J10sindaid g-pajzzii4 101d8231 A1030R}|0 SUBIqUIBWISURL-/ 18-01S ZVEON
443 L2VE00 =N 098’/ ¥ ££'€8 umouun auou 101d323.4 A10198}]0 sueIqUIBLISUR)-/ 28T-418 90£T9Y
T 2dAy J01dadas anbobieyaloas
1M G880 €=N ¢61°8 + L9'8S umouxun auowloy yimols Jo T Wlojos] M Sse[o 101da0ay sunuadiss o T-MIS 6Tv79d
1M €T¥8°0 =N ¥6¥'9 + 00'6S umouxun VT HOM JuewieA 8011ds T eddey 93Q @ sse|d ‘101daday sunuadies Y-pas 92519y
1M 2/50 €=N 6€8'9 F /9'29 umouxun TXOYIA Joidsoas pajdnod-uisiold 9 @ sseo ‘101daoay aunuadias 2-pis 6SYOA
Z 101dadal
1M 81260 £=N 280°2 ¥ 00'8S ISV auowoy Buienuasuod-ulueRN @ sseo ‘101daoay sunuadiss T-pas ¥I¥59D
ZN pue 9l ‘vl ‘€N
‘SIN ‘€1 ‘21 'PIN OIN / 101da0a1
1M SEV9°0 €=N 0002 ¥ 00°'T9 suoJnau [eabuhreyd auIweIdANAX0IpAY -G J0 g WLI0J0S| J101da0as aulwedo}o0/uIU0I0I8S 1-185S 00T2vda
oNd
1M 69¢8°0 €=N LTG°C ¥ 0069 ‘S1Y ‘'YAQ 'dld ‘1Ad g7 Joidsoas sutweydAnAxolpAy-g 101de0a1 auledol00/UILOI0IBS y-19s 9980V
J101d89a1
1M £86€°0 =N 956V F SZ'V9 suoJnau [1e] ‘pesH 216J8uaIpe wT-eyd|y JO g Wiojos| 101d82a1 auIWedo100/UIUO]0ISS €-19s 22979y
AAd 170 "IN ‘LAd
VIS ‘Ndg ‘'vAd ‘ZIvV
‘INSN ‘OAd ‘NTV
‘YN1'6vd ‘NvO
‘0as 'vid ‘ald 'avs
1M 97920 €=N €96'8 ¥ 00'VS 014 VNV ‘HAY AV VT J0ydaoas sutweydAnAxolpAy-g 10)da0a1 auILedol0/UILOI0IBS Z-Jss E€TEHO
sajosnw [eabuAreyd
1M 8150 €=N S05'8 ¥ 00°€9 ‘ANY 'HINY ‘HINY Joydaoal vz suiwerdAnAxoipAy-g 10)da0ay auledoloo/uIUOI0IBS T-188 y18Tva
1M LS.€°0 €=N 82¢0°¢ + L9179 suoJnau peay ‘aunisaiul 2 1033281 N uIpawoInaN H0dO anleInd ¢'LHETYH w1194
1M 87950 €=N LTSC+ 0029 VMV /196 J01daoal A10108)|0 Jojdsoai JueIopO 0T-4p0 0TYEXD
1M 11150 €=N 9812 F /929 umouxun 2 101da2al 44 apndadoinap Jo Z Wiojos| 101da0a4 apndadoinau pajdnod uislold-9 Z-1du 20/EVX
Ods 'O1d ‘Ald ‘aHd
‘VYHd 'dOd aad 'aA
Qmabocmﬁg yIVd  onjeaA-d N ‘INISTUes|N 0SdL  udaned uoissaadxg ebojowoy uewny 1s8s0]0 uondiioseq EEL) urens

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Science. Author manuscript; available in PMC 2010 March 3.



Page 14

Styer et al.

1591 yuelbo| e
Ajdde 01 INSI¥d Buisn suswiiadxa yuspuadapur omy ul adA1-pjim 03 pasedwod feAiAIns ul (TO00 0>d) Seauaiaip JuedlIubIS 01 anp dS3 10 443 pateubisep ase suress [euolippy “(plog) 15811 19X S,JUspnis

Buisn adA1-plim wouy wissap Apuedryiubis sem 0SQL Usym dS3 10 4y 3 Ajueoisiubis ag 0} palapisuod aiam surens ‘esouibniae ‘4 0 A)|iqidaosns paoueyus :dS3 ‘esoulfniae ‘4 0) 80UelSISal paoueyu “n_m_m_o_

(B0 asequuiom mmm) 1onpo.d uisiold 1sabuoj 01 saydorew 41Sv19d Hmmm_m

1M S0ES0 €=N 202 T ¥€£'29 umouxun loydaoal H-souelsans HOdO anlEINd TTIVITHESA  SOovTgd

Qmaboc«.ca yIVd  oneA-d N ‘INISTUBSIN 0S5Ol udaied uoissaadx3 ebojowoy uewny 158501 uonduasag ETELS) urens

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Science. Author manuscript; available in PMC 2010 March 3.



Page 15

Styer et al.

(IvNY)ewaouge

26000 8790'0FTEEL0 €00'0¥2€8°0 T-jwd ‘T-|qp ‘9T-§ep A A uedsayl| ‘aWwAzosA| anieind 8-sA|
T000°0 LGST0'0+289°0 G2c0'0¥5T108°0 A A 10108} [eLIB)dRqUY T-iqe
¥200°0 TOY0'0+TL19°0 G/80°0¥599.°0 A A oA Ul 1ebins spuiq ‘Ajiwey unodsfe T1-99|
(IvNY)
T0000 T020°0+9155°0 G8T0°0¥555L°0 9T-jep A [ewuouqe uedsayl] ‘uoiBal 11 aND ¥¢-pop
¢v00°0 6¥50°0¥1995°0 G660°0¥5209°0 T-jwd ‘7-|19p A A unog| 8dA1-o G8-9919
0,000 6980°0¥29S5°0 800°0+897°0 T-jwd A A SUON S'90¥1D
an €T0°0+.9%°0 uaBe|0d 8jonNd TOT-102
AIANOR aselsysuel)
an 120'079EY°0 A ‘103084 uonduosues) pardIpaid 21'699¢4
(1vNy)
T0000 TECO'0FTYVTO G700°0%S.L¢v'0 A 971S P00Iq Pasealdsp ‘ymolb mojs ¢'cd8¢el
S-ONIN
an 820'0792%'0 T-jwd ‘9T-Jep A uloNW WIoMpunol 03 Alejiwis §'8avzl
anN S0v0'0+S91Y'0 aselajsuel)-S auolyiein|o 0z-15b
yoou
an SPE0'0FSETY'0 sn20| 91usbolnau uewny 0} AILBIWIS  GZ'HVZVY69A
anN G0S0'0¥590t°0 SUON 9'vA0TL
(1YNY)rewouge
ST00°0 €TL0°0+9S¥°0 G080°0F566€0 A uedsayl| ‘eseusbolpAysp piossis 2-upis
T000°0 LEVO'OFCVYY 0 G8¢0'0FSY6€E°0 A A aselajsuel]-S auolyremn|o z-156
ase|opAy
an G650°0FS78E0 8pIS03]9NU BUIPLIN-3UISOUI Pa)dIpald €'8HETH
T000°0 9G€0°0F06T°0 750°0+¥9€°0 T-19p A SUON €¢49v4
9v€0’0 Y8TT0¥T.29°0 STTO'0¥SG.GE°0 ursjoud sabuty ourz 8'¢T49¢4d
L0000 G/10°0F9SZ1°0 GZE0'0FSBEE 0 9T-4ep (1vNy) rewJouge uedsayi T2-pop
urgro4d xajdwod
an 620°0F£0E°0 lewsauoideuAs uewny o0} AlLrejiwIS SvasTd
€000°0 S0S0'0+TTIYS0 €20°0+9.T°0 9T-jep A Bunosye Jown) suljwian LT-10p
anfea-d pW3S F uesw pW3S F uesw sRemyred sunwiw umouy| qgvTvd uo | guoIssaidxa [eunsaiu| uonduiosag ENELS)
dod-14b KeaaeodIN

NIH-PA Author Manuscript

c?9lqel

NIH-PA Author Manuscript

T-ddN Aq parejnbaidn sauss)

NIH-PA Author Manuscript

Science. Author manuscript; available in PMC 2010 March 3.



Page 16

Styer et al.

adA1-p[Im 03 BAITR[B) [9A3] co_mmmaxm_u

(TT7-8) sAemuyred aunwiwi ayeuul umouy 03 paxull Ajsnoinaid mmcmwo

(8‘2) uonoayui esoulbnuise "4 03 asuodsas ul parejnfiaidn ww:moQ

(9) suebaja "D J0 aunsalUl 8y} Ul passaldxa mw:mOm

#0000 L520'0¥19S5°0 770'0F158°0 T-wd A A awAz0sA) sAmEINg 251
anfea-d pN3S F uesw pW3S F uesw ofemyred sunwiwi umouy| grTvd uo l  guoIssaidxa [eunsaiu| uonduiosseg ausD)
dod-14b Kea1eoIoiN

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Science. Author manuscript; available in PMC 2010 March 3.



Page 17

Styer et al.

/\ BWOSOWOIYD Uo payestjdnp Jaisnjo sush nd

adA1-pJIm 0] AI|a) [9A8] UOISSaIdXT

q

(TT-8) sAemuyred aunwiwi ayeuul umouy| 03 paxull Ajsnoinaid mm:mom

anN 6EV'0F1G°C unog| adA1-o 2/-99)9

anN S6vC'0¥98.5°C uabe| |02 8jo1ND 29-109

an L1°0+€88°C eddey aseury [0400A16]A%e1Q Uewny o} JejiwIS G'08TMZ

anN §555'0+5056° uabe||02 ajo1ND 6£-100

an §LL¥'0%¥G956'C uabejjoa ajonnd 16-109

an G¢60'0+5096°C BuijreuBis Jejn||a2Ja1ul ‘Urewop |19 1z-16

an ST0S'0¥5086'C v dnoub ‘Ajiuey spndad oy10ads sporewsN 6-edsu

urjers uewny o) feplwis 9 ¢TYV9Sd

91000 16€C'0+9¢8¢ €9C0FTLTE ‘Ajiweysadns Jojeyiioey Jofew ay) Jo aseawiad  TT'VOTAGTA

ul[els uewny o} Jejlwis 5874100

crioo v00g'0FL¥e"e 90T 0+r'E ‘Ajiweysadns Jojeyiioey Jofew ay) Jo asealiad  S'VOTAGTA

an S0CTo¥Sver'e uposuoIgld  £¥AZKO

an G5.9'0¥5€CSE urejoid axij-spndadoinaN gz-dju

anN G8¢t'0¥G9G59°E SUON €TTOEVd

an 952 TF9VT Y g dnoib ‘Ajiuey apndad 14199ds apojewsN G-T-qdsu

5974100

1000°0 v09E'0FTY6'S 95EY'0¥2LT Y T-jwd aselawida-T 8sop|y UewNy o1 JeiwiS  9T°VOTABTA

uleIsS uewny o} Jejiwis 5 L'7d100

£000°0 V502 0F9VE'E 11970508 Tqwd AjiLteLadns J01eM]108) J0fell oL 40 2SeaIad  HOTABTA

J0s1n2aud T 103084 pmoIh 067954

1200°0 802 ZFV8'ET b8 0TS6Z YT Toqwd SII-UIINSUI UBWNY 0) AEUWIS U J01da08Y 2 °VOTABTA

anfea-d gW3S ¥ uesw gW3s F uesw efemyred sunwiw umouy uonduiosag ENELS)
d0od-14b AeaaeodIN

NIH-PA Author Manuscript

€9lqel

NIH-PA Author Manuscript

T-4dN Aq parejnbaiumop sauss)

NIH-PA Author Manuscript

Science. Author manuscript; available in PMC 2010 March 3.



Page 18

Styer et al.

‘Juiy syels uoneiuasaldal/sbold N /npa Axnsuebalsy/:dny aas ‘s|ie1ap 104 '18S auah

uanib e 01 Buipuodsaliod dnoib sy pue sauab pare|nbai-T-YdN 40 dnoib ayy wouy umelp saush Buiddelsano o Jaquinu pajdadxa ayy Aq papiaip sauab Buiddejsano Jo Jaquuinu ayl s 1010k} uoieIuasaidal o:.rm

NIH-PA Author Manuscript

11-0T X 60°T T'ey 8 0Tt (8) sausb payeInfal-T-MINd
50-0T x 97’ 9'¢ 49 LV6T (9) sauab passaidxa-Ajjeunsai|
g1 0T x TZ'€ 198 2T 161 (1) sauab paonpui-esoulbniae seuowopnasd

anfen-d pA010B4 UONElUaSaIday  UOWWIOD Ul 'S8UsD  19S Ul SaUsD) 19S 8UdD)

sauab pare|nbal-T-4dN Buowe s19s suab pajussaidal-1IanQ
¥ a|qel

NIH-PA Author Manuscript NIH-PA Author Manuscript

Science. Author manuscript; available in PMC 2010 March 3.


http://elegans.uky.edu/MA/progs/representation.stats.html

