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Neurexins: Synaptic Cell Surface
Proteins Related to the
a-Latrotoxin Receptor and Laminin

Yuri A. Ushkaryov, Alexander G. Petrenko, Martin Geppert,
Thomas C. Stdhof*

A family of highly polymorphic neuronal cell surface proteins, the neurexins, has been
identified. At least two genes for neurexins exist. Each gene uses alternative promoters and
multiple variably spliced exons to potentially generate more than a 100 different neurexin
transcripts. The neurexins were discovered by the identification of one member of the family
as the receptor for a-latrotoxin. This toxin is a component of the venom from black widow
spiders; it binds to presynaptic nerve terminals and triggers massive neurotransmitter re-
lease. Neurexins contain single transmembrane regions and extracellular domains with
repeated sequences similar to sequences in laminin A, slit, and agrin, proteins that have been
implicated in axon guidance and synaptogenesis. An antibody to neurexin | showed highly
concentrated immunoreactivity at the synapse. The polymorphic structure of the neurexins,
their neural localization, and their sequence similarity to proteins associated with neuro-
genesis suggest a function as cell recognition molecules in the nerve terminal.

Ohne fundamental question in understand-
ing the nervous system is how synapses are
formed and maintained. The specificity of
synaptic connections is a major determi-
nant of brain function. Synapses generally
do not contain a basement membrane sep-
arating pre- and postsynaptic sites. Howev-
er, morphologically an undefined “fuzzy”
material is found in the synaptic cleft of
most synapses (1), suggesting that there
may be a basement membrane equivalent.
Cell-cell contacts at the synapse are pre-
sumably mediated by specific cell adhesion
molecules or extracellular matrix-like pro-
teins. The simplest way to explain the
specificity of synaptic connections would be
that the proteins responsible for their estab-
lishment and maintenance might be poly-
morphic and localized to nerve endings. At
present, there seem to be no candidate
proteins for such a role.

Complementary DNA cloning of a:-la-
trotoxin receptor-related molecules. a-La-
trotoxin, a component of the venom from
black widow spiders, causes massive neuro-
transmitter release from the presynaptic
nerve terminals of vertebrates (2). a-Latro-
toxin binds to specific receptors in the
presynaptic plasma membrane and initiates
secretion of neurotransmitters by an un-
known mechanism (3). High-affinity recep-
tors for a-latrotoxin have been purified and
characterized (4). For our study, we ob-
tained extensive peptide sequences from
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the purified bovine a-latrotoxin receptor
(5). Degenerate oligonucleotides were syn-
thesized on the basis of these peptide se-
quences and used in polymerase chain reac-
tions (PCR) to clone cDNA sequences
encoding these peptides (6). The PCR
products and oligonucleotides were then
used as probes to screen rat brain cDNA
libraries. For the initial screening, we used
uniformly 32P-labeled PCR-products as
probes. Specific oligonucleotides were used
to obtain additional, full-length clones,
allowing us to isolate multiple overlapping
cDNA’s (7).

Analysis of the cDNA clones obtained
in this manner gave two unexpected results
(Fig. 1). First, we isolated two sets of
overlapping cDNA'’s that encoded homolo-
gous but distinct proteins, only one of
which contained the peptide sequences ob-
tained from the isolated a-latrotoxin recep-
tor. We refer to the proteins encoded by
these transcripts as neurexins I and II be-
cause they constitute neuron-specific cell
surface proteins. Second, each set of cDNA
clones was highly polymorphic. Sequence
analysis of multiple independent cDNA
clones for the neurexins revealed two prin-
cipal forms that differed by their 5’ coding
and untranslated regions. In addition, all
messages were alternatively spliced at sev-
eral internal positions.

Each of the longer cDNA’s, referred to as
neurexins I and I, contained more than 3
kilobases (kb) of coding region that are
absent from the shorter forms (referred to as
neurexins If and IIB) (Fig. 1A). Neurexins
IB and IIB instead exhibited different and
shorter amino-terminal coding regions. In
addition to the coding regions, cDNA clon-
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ing revealed long 5’ untranslated regions of
at least 858 base pairs (bp) for neurexin Ia,
815 bp for neurexin IB, 215 bp for neurexin
Ila, and 450 bp for neurexin IIB, with no
sequence similarity to each other. This sug-
gests that the a- and B-neurexins contain
unrelated 5’ untranslated regions. The o and
B forms of the neurexins are most likely
transcribed from alternative promoters be-
cause they are encoded by separate messen-
ger RNA’s and because no sequence overlap
could be found in their long 5’ untranslated
and coding regions.

Each form of neurexin can undergo mul-
tiple differential splicing events. As a crite-
rion for alternative splicing, we used the
presence or absence of the respective se-
quences in independent cDNA clones
(mostly in multiple overlapping clones)
(7). In addition, PCR experiments were
performed on single-stranded ¢cDNA that
was generated from rat brain poly(A)*-
enriched RNA with oligo(dT) as a primer
(6). In these PCR experiments, specific
oligonucleotides were used for the neurexin
I splice sites and for most of the neurexin II
splice sites, confirming the alternative
splice map constructed on the basis of
multiple ¢cDNA clones (Fig. 1A). The
PCR’s also showed a differential distribu-
tion of splice sites between cerebrum and
cerebellum, suggesting regional differences
in expression. Most of the alternatively
spliced sequences in the neurexins are
small, except for a long sequence (600 bp)
in the COOH-terminal region of neurexin
II at residue 1421. At this position, neu-
rexin [ is also alternatively spliced but only
with a 9-bp sequence (Fig. 1). In addition,
the COOH-terminus of neurexin II is dif-
ferentially spliced, resulting in the produc-
tion of two alternative COOH-termini,
only one of which is homologous to that of
neurexin I. The alternatively spliced se-
quences are well separated from each other
and likely to be independent. Therefore
both neurexins Ia and Ila are probably
present in at least 48 different forms, and
neurexins IB and IIB in at least 4 and 8
different forms, respectively, resulting in
more than 100 different neurexins.

The different forms of neurexins I and II
are highly homologous but diverge at the
NH,-termini (Fig. 1B). In spite of this
homology, all but one of the peptide se-
quences obtained from the purified a-latro-
toxin receptor were found in the sequence
of neurexin I but not Il (underlined in
Fig. 1B) (5). More than 22 percent of the
deduced sequence of neurexin la was deter-
mined from tryptic fragments of the purified
a-latrotoxin receptor. Minor differences
were sometimes observed between the bo-
vine peptide sequences and the translated
rat sequence, and these were probably due
to species differences or peptide sequencing



Fig. 1. Primary structures of different forms of
neurexins. (A) Bar diagram of the different
forms of neurexins | and Il as predicted from the
sequences of multiple cDNA's (7). The NH,-
terminal domains unique to the a« forms or 8
forms of the neurexins are shown in a right- or
left-bound hatch pattern, respectively. Regions
shared by a- and B-neurexins are shown in a
finely stippled pattern. Triangles with horizontal
solid lines denote alternatively spliced seg-
ments. (B) Amino acid sequences of the differ-
ent forms of neurexins | and Il. The variable
amino termini of the a- and B-neurexins are
shown in sections A and B and the variant
COOH-terminus of neurexin |l is shown in sec-
tion D. The middle region common to all neu-
rexins is shown in section C. The putative
transmembrane sequence is boxed, and alter-
natively spliced sequences are shaded. The
differentially spliced sequences at position 254
of neurexin la and at position 385 in neurexin
lla exhibited three forms (7). Dots signify iden-
tities between the neurexin | and Il sequences.
Numbering of the sequences in regions where
a- and B-neurexins are identical refers to the a
forms. The underlined sequences starting at
residues 31, 265 and 269 (asterisks) were
identified in the mixed NH-terminal sequence
of the receptor (5). Thickly underlined se-
quences of neurexin | denote amino acid se-
quences determined from purified bovine a-la-
trotoxin receptor protein, with sequence ambi-
guities or discrepancies shown as thin lines.
Abbreviations for the amino acid residues are:
A, Alg; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H,
His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and
Y, Tyr.

ambiguities (8). In addition to the internal
peptide sequences, a mixed NH,-terminal
sequence obtained from the purified protein
was also identified in translated amino acid
sequence. Finally, we tested whether neu-
rexins and a-latrotoxin could be co-immu-
noprecipitated. Solubilized rat brain mem-
brane proteins that had been incubated
with 0.4 nM !?°]-a-latrotoxin were subject-
ed to immunoprecipitation with two inde-
pendent antibodies to the COOH-terminus
of neurexin Ia (Table 1). Specific co-im-
munoprecipitation of receptor-bound a-la-
trotoxin was observed with the test anti-
bodies but not with preimmune sera or
control antibodies. Together the immuno-
logical and structural data suggest that
cloned neurexin Ia is either identical with
or closely related to the a-latrotoxin recep-
tor.

Domain structure of the neurexins.
Analysis of the primary structures of the
neurexins reveals a distinctive domain
structure (Fig. 2A). The NH,-termini of
neurexins I and Il contain hydrophobic
sequences characteristic of signal peptides
(9). These signal sequences are followed by
three copies of a repeat of approximately
450 amino acids (labeled A, B, and C).
Each repeat is composed of a central epi-
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dermal growth factor (EGF) domain that is
flanked by a left arm and a right arm. The
right and left arms of each repeat are them-
selves weakly homologous to each other
(Fig. 2B). Accordingly, most of the extra-
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cellular domains of neurexins It and Il are
composed of three larger repeats encom-
passing six smaller repeats punctuated by
interspersed EGF domains (10).

In contrast, the NH,-termini of neurex-
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Fig. 2. Domain structure of neurexins. (A) Protein domains and A
transmembrane structure of the neurexins. Proteins are shown as
bar diagrams with NH,-termini on the left and COOH-termini on
the right. In neurexins la and lla, the signal peptide (labeled SP)
is followed by three repeats designated A, B, and C. Each repeat
contains a central EGF-domain (shown in blue) flanked by right
and left arms (named a and b and shown in two shades of red) that
are weakly homologous to each other. Neurexins I8 and IIg
contain only the right arm of the third repeat (C) preceded by
sequences different from these occurring in a-neurexins. The
putative O-linked sugar domain common to all neurexins is
labeled CHO. The single transmembrane regions and cytoplasmic
tails are shown in dark and light green, respectively. The major
large alternatively spliced fragment in neurexins lla and IIB is
shown in yellow. (B) Alignment of the sequences of the neurexin
repeats with each other and with COOH-terminal sequences from
rat agrin, mouse laminin A, mouse perlecan, and the Drosophila
mutant slit (27). Residues that occur at least in half of the neurexin
repeats are shown in
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ins IB and IIB are much shorter than those
of the a-neurexins and lack most of the
extracellular repeats. At the NH,-termi-
nus, the B-neurexins contain sequences of
83 and 85 amino acids, respectively, that
are hydrophobic but unusually rich in pro-
line, glycine, and histidine. After this se-
quence, neurexins IB and IIB splice into
the sequences of the a-forms precisely at
the end of the EGF-domain in the third
repeat. As a consequence, the B-neurexins
contain only the last one of the six repeats
that make up most of the extracellular
domains of the a-neurexins (Fig. 2A).

After the repeats, all neurexins contain
a serine- and threonine-rich sequence. Da-
tabank searches indicate a similarity be-
tween this sequence and serine- and threo-
nine-rich sequences in the low density lipo-
protein receptor and Alzheimer precursor
proteins that have been suggested to serve
as O-linked sugar domains in these proteins
(11). Digestion of the purified a-latrotoxin
receptor with endoglycosidase F or with
neuraminidase followed by O-glycanase
demonstrated that the receptor is exten-
sively post-translationally modified with
both N-linked and O-linked sugars (Fig. 3).
Analysis of neurexin IB transfected into
COS cells showed that it is also extensively
O-glycosylated (12). Since the putative
O-linked sugar region is shared by a- and
B-neurexins, these results suggest that, like
in other cell surface receptors, the threo-
nine- and serine-rich sequence of the neu-
rexins may serve as an O-linked sugar do-
main.

After the O-linked sugar domain, the
neurexins contain a hydrophobic sequence
that appears to constitute their only trans-
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Fig. 3. O-linked glycosylation of the a-latrotoxin
receptor. Purified a-latrotoxin receptor was ana-
lyzed by SDS—-polyacrylamide gel electrophore-
sis (PAGE) and immunoblotting either in native
form or after digestion with neuraminidase or
with neuraminidase followed by O-glycanase
(72). Numbers on the right indicate positions of
molecular markers (in kilodaltons). Purified re-
ceptor consists of two major bands of large
molecular mass that are both glycosylated (72).

membrane region as judged by hydropho-
bicity plots (13). The transmembrane re-
gion is followed by a short, highly charged
cytoplasmic tail. In neurexin II, alternative
splicing creates two different cytoplasmic
tails of similar size, only one of which is

HOARTICLES

The evidence for the proposed transmem-
brane orientation of the a-neurexins con-
sists of the presence of a signal sequence,
EGF domains (which are characteristic of
extracellular proteins), and glycosylation
domains. The B-neurexins are proposed to

homologous to that of neurexin I (Fig. 2B).  have the same transmembrane orientation

Table 1. Immunoprecipitation of receptor-bound '25-a-latrotoxin with antibodies to neurexin I.
Proteins from rat brain membranes solubilized in CHAPS were incubated with 0.4 nM 125|-q-
latrotoxin (6.5 Ci/pmol) in 50 mM tris-HCI, pH 8.0, 2 mM EDTA, 3 mM CaCl,, and 0.2 mM PMSF on
ice. Portions of this solution (70 pg of protein) were added to protein A-Sepharose that had been
coated with the indicated immune or preimmune sera. Samples were incubated at 4°C overnight
with agitation. Protein A-Sepharose was then centrifuged, washed with phosphate-buffered saline,
and the radioactivity associated with the protein A-beads was counted. Each experiment was
performed in triplicate. The antibody to a-latrotoxin was included in the experiment to assess the
total amount of precipitable '25|-a-latrotoxin.

Immunoprecipitated 125|-labeled a-latrotoxin
(10% cpm = SD)

Antibody*
Immune .
serum Preimmune serum
Anti-neurexin | (a) 0.76 + 0.03 0.23 + 0.06
Anti-neurexin | (b) 0.72 £ 0.07 0.22 + 0.03
Control antibody 0.28 + 0.03 0.23 = 0.04
Anti-a-latrotoxin 10.65 + 1.56 0.37 + 0.01

*Antibodies used: anti-neurexin | (a) and (b) correspond to two independently produced sera to the COOH-
terminus of neurexin | (22). Purified toxin was used to produce the antibody to a-latrotoxin in rabbits.
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Fig. 4. Analysis of the neurexin mRNA's by RNA blotting. Total RNA (10 ug) from the indicated
tissues was subjected to electrophoresis, blotted, and hybridized to uniformly 32P-labeled probes
specific for neurexins la (top left), I8 (bottom left), lla (top right) or i@ (bottom right) (28). After
exposure, the blots were rehybridized with a uniformly labeled probe for cyclophilin (lower panels
labeled C) to control for RNA loading. Numbers on the right denote the relative positions of
molecular markers in kilobases. Exposure times (with screen at —70°C): la and lla, 48 hours; I8, 4
days; 1IB, 9 hours; cyclophilin, 16 hours. The faint 5-kp band observed in all lanes in the I8 blot
corresponds to 28S RNA.
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Fig. 5. Immunocytochemical localization of neurexin | in rat brain. Sections from rat brain (A and B:
brain stem; C and D: anterior horn of the spinal cord) were double-labeled with a monoclonal
antibody to synaptophysin (A and C) and an affinity-purified polyclonal antibody to the cytoplasmic
tail of neurexin | (B and D) (22). Antibody-reactive sites were visualized by immunofluorescence
with fluorescein-labeled goat antibody to mouse protein (A and C) and rhodamine-labeled goat
antibody to rabbit protein (B and D). Arrows indicate cell bodies decorated by synapses that are
identically stained by the antibodies to synaptophysin and neurexin I. Identical staining patterns
were observed in single-label immunofluorescence experiments whereas controls with preimmune

serum showed no staining (22).

in spite of the lack of a typical signal
sequence because of their partial identity
with the a-neurexins and their similar gly-
cosylation.

Most of the differential splicing in the
neurexins involves small sequences in the
extracellular repeats. Each of the right arms
of the three overall large repeats is inter-
rupted by alternative splicing. A conserved
30-amino acid sequence in the right arm of
the C repeat is differentially spliced in all
neurexins. Additional alternative splice
sites are located between the protein do-
mains.

Databank searches revealed a sequence
similarity between the neurexin repeats and
repeated sequences found in the COOH-
termini of the extracellular matrix proteins
agrin, laminin A, and perlecan (Fig. 2B)
(14). Agrin is a neuronal protein active in
synaptogenesis and causes clustering of ace-
tylcholine receptors on muscle cells (15); it
is alternatively spliced in the region of
homology with the neurexins. This splicing
regulates the agrin activity (16), suggesting
that its active site is located in the region of
sequence similarity with neurexins. Lami-
nin and perlecan are components of base-
ment membranes (17, 18). Laminin is a
trimeric complex formed by laminins A and
B. Only laminin A contains the COOH-
terminal repeats that are homologous to the
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neurexins and are together referred to as the
G domain. Laminin has major functions in
organogenesis, particularly in axon guid-
ance during neuronal development (19).
The G domain of laminin A constitutes its
major heparin-binding domain and may
function in cell adhesion of laminin (20).
A single copy of the repeats described above
is also found in the sequence of slit, a neural
developmental mutant from Drosophila mel-
anogaster (Fig. 2, B and C) (21).

In consequence, a-neurexins contain six
copies and B-neurexins a single copy of a
repeat that is homologous to the G-domain
repeats of laminin A and found in several
other proteins (Fig. 2, B and C). The
overall sequence identity between these
repeats is low, and clusters at conserved
sequence motifs. In the a-neurexins, the
repeats coincide with the left and right arms
of the three larger repeats and form two
subclasses, depending on whether they are
from the left or right arms of the three
larger repeats. Each of the right arm repeats
but none of the left arm repeats contains an
alternative splice site. Together, the re-
peats account for more than half of the
neurexin I and Ila proteins. In the neu-
rexins, the G-domain repeats form the ex-
tracellular NH,-termini of a transmem-
brane protein, whereas in the other pro-
teins they constitute the COOH-termini of
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secreted polypeptides. In all proteins except
laminin A, EGF domains are associated
with these repeats but with a different
arrangement in each protein (Fig. 2C).

Neural expression of neurexins. RNA
blotting experiments were used to investi-
gate the tissue distribution of neurexin tran-
scripts (Fig. 4). The expression of the neu-
rexins was brain-specific. Even adrenal
gland, which expresses many otherwise
neuron-specific genes, had no detectable
mRNA. This finding correlates well with
the absence of a-latrotoxin binding sites
from adrenal membranes. Neurexins la and
IB each exhibited single-sized mRNA’s that
were diffuse in appearance, presumably as a
result of multiple alternatively spliced tran-
scripts. Several transcripts of different sizes
were observed for neurexins Ila and IIB as
is expected from their more extensive dif-
ferential splicing.

A heterogeneous distribution of the neu-
rexin mRNA’s between different brain re-
gions was observed. For example, the cere-
bellum was rich in I compared to I but
contained much less lla than IIB (Fig. 4).
Conversely, spinal cord contained much
more of both a forms than the B forms.
Two different neurexins can also be coex-
pressed in the same cell: PC12 cells (which
are related to neurons) exhibited mRNA’s
for la and IIB at low levels, whereas no I
or Ila transcripts were detected (Fig. 4).
These results suggest that the different pro-
moters for the a- and B-neurexins may be
differentially regulated as is the case for
alternative splicing of the neurexins.

Parallel binding measurements of
labeled a-latrotoxin to membranes from
PC12 cells and rat brain indicated that
PC12 cells contain approximately 10 per-
cent of the specific a-latrotoxin binding
sites present in rat brain, a result in agree-
ment with the RNA levels for neurexin la.

Although the RNA blotting experi-
ments demonstrated brain-specific expres-
sion of the neurexins even to the exclusion
of the adrenal medulla, this result did not
identify the cell type in which the neurex-
ins are expressed. To achieve this, an anti-
body to the COOH-terminus of neurexin I
was affinity-purified for immunocytochem-
istry (22). Rat brain sections were double-
labeled with the affinity-purified polyclonal
antibody to neurexin I (Fig. 5, B and D)
and a monoclonal antibody to synapto-
physin as a synaptic marker (Fig. 5, A and
C). Neurexin I immunoreactivity was het-
erogeneously distributed in brain, suggest-
ing differential expression. In those regions
where neurexin I immunoreactivity could
be detected, the signal obtained with two
independent antibodies precisely coincided
with the synaptophysin signal, suggesting
an exclusive synaptic localization. Control
stains with preimmune serum showed no
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reactivity (22). Because of the strong ho-
mology between neurexins I and II in the
COOH-terminus, it cannot be concluded
with certainty whether the observed signal
corresponds  exclusively to neurexin I.
However, preliminary results with an anti-
body raised to the COOH-terminus of neu-
rexin Il also revealed a concentration of the
immunoreactivity in the nerve terminal in
a pattern that was distinct from that ob-
served with the antibody raised to neurexin
L.

Neurexins: Cell recognition molecules
of the nerve terminal. Starting with pep-
tide sequences derived from purified a-la-
trotoxin receptor, we define a family of cell
surface proteins named neurexins. Structur-
ally the neurexins resemble cell surface
receptors. The neurexins are highly poly-
morphic, with two principal forms generat-
ed by the use of alternative promoters and
multiple alternatively spliced regions creat-
ing potentially more than a hundred forms.
The neurexins are brain-specific and show
differential expression of distinct forms in
different brain regions. At least one neu-
rexin appears to be highly enriched in the
synapse as judged by immunocytochemistry
presented and by the previous localization
of the a-latrotoxin receptor (3). Together
these properties correspond to those expect-
ed of cell surface recognition molecules
involved in synapse formation.

A role for the neurexins in shaping
cell-cell interactions is supported by their
homology to the extracellular matrix pro-
teins agrin, laminin, and slit. These pro-
teins are thought to participate in axon
guidance and synaptogenesis (18-21). The
regions of homology with these proteins
comprise most of the extracellular domains
of the neurexins, suggesting that the same
protein motif may be used in different pro-
teins for similar functions with different
specificities. Finally, a specific interaction
of a synaptic vesicle protein, synaptotag-
min, with at least one member of the
neurexin family, the a-latrotoxin receptor,
was previously observed (23). It is possible
that the neurexins may align synaptic ves-
icles in the nerve terminal with structures
on the extracellular side of the synaptic
membrane.

Several structural features of the neurex-
ins are unusual. Other currently described
proteins that contain sequences homolo-
gous to the G-domain repeats of laminin A
are secreted proteins, whereas the neurex-
ins incorporate these repeats within the
structure of a cell surface receptor (Fig.
2C). The restricted expression of the neu-
rexins in the nervous system distinguishes
them from other cell surface proteins in-
volved in cell recognition such as N-CAM
or cadherins that are often widely expressed
(19). Although many genes contain alter-

native promoters, these usually represent
developmental genes in which alternative
promoters regulate expression of similar
coding regions (24). The o and B forms of
the neurexins are also differentially ex-
pressed but their encoded proteins differ by
more than 1000 aminp acids. This large
difference in the gene products is unusual.

As to the relation between the a-latro-
toxin receptor and neurexin Ia, the identi-
ty of the peptide sequences obtained from
the a-latrotoxin receptor with more than a
fifth of neurexin Ia suggests that the a-la-
trotoxin receptor -represents a variant of
neurexin la. This conclusion is supported
by their coexpression in PC12 cells, their
absence from adrenal gland, and their com-
mon synaptic localization. Furthermore,
the purified a-latrotoxin receptor reacts
with several independent antibodies against
different parts of neurexin It (25). Finally,
antibodies to the COOH-terminus of neu-
rexin lat (22) coimmunoprecipitate a-latro-
toxin from total rat brain membrane pro-
teins (Table 1). Although these data sup-
port the suggested identity between the
a-latrotoxin receptor and a splice variant of
neurexin I, we have been unable to obtain
a-latrotoxin binding to neurexin la ex-
pressed in COS cells, and the distribution
of the immunoreactivity and the mRNA of
neurexin I in brain does not precisely
correspond to the distribution observed for
a-latrotoxin binding (26). Although fur-
ther evidence will be required to define the
exact relation of the receptor to neurexin
Ia, it is clear that the a-latrotoxin receptor
represents a neurexin and constitutes a
neural cell surface protein most likely in-
volved in cell recognition.
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Chaotic Evolution of the
Solar System

Gerald Jay Sussman and Jack Wisdom

The evolution of the entire planetary system has been numerically integrated for a time
span of nearly 100 million years. This calculation confirms that the evolution of the solar
system as a whole is chaotic, with a time scale of exponential divergence of about 4 million
years. Additional numerical experiments indicate that the Jovian planet subsystem is
chaotic, although some small variations in the model can yield quasiperiodic motion. The
motion of Pluto is independently and robustly chaotic.

Advances in computer technology have
made it possible to begin to directly address
the age-old question of the nature of the
long-term evolution of the solar system,
with startling results. Sussman and Wisdom
(1) presented numerical evidence that the
motion of Pluto is chaotic, with a time scale
for exponential divergence of nearby trajec-
tories of only about 20 million years. Sub-
sequently, Laskar (2) found numerical evi-
dence of the chaotic evolution of the solar
system excluding Pluto, with a time scale
for exponential divergence of only about 5
million years. Laskar’s calculation was fea-
sible because he analytically averaged the
equations of motion to remove the rapid
variations with time scales of the order of
the orbital period. The averaged equations
are perturbative and necessarily truncated
after a particular order in eccentricity, in-
clination, and mass ratio. An integration of
the whole solar system without these ap-
proximations was required.

Direct integrations of the whole plane-
tary system are computationally expensive.
Notable long-term integrations of the outer
solar system include: the classic 1-million-
year integration of Cohen, Hubbard, and
Qesterwinter (3), the 5-million-year inte-
gration of Kinoshita and Nakai (4), the
210-million-year integration performed on
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the Digital Orrery (5), the 100-million-year
integration of the LONGSTOP project (6),
and the 845-million-year Digital Orrery
integration of Sussman and Wisdom (I).
Studies of the long-term evolution of the
whole solar system have been more limited
because the computational resources re-
quired are significantly larger, by about two
orders of magnitude. Integrations of the
whole solar system include: the 3-million-
year Digital Orrery integration (which ex-
cluded Mercury) (5), the 2-million-year
integration of Richardson and Walker (7),
and the recent +3-million-year integration
of Quinn, Tremaine, and Duncan (8, 9)
(hereafter QTD).

We have developed computational tech-
niques and computer hardware to make
possible a direct integration of the whole
solar system spanning a significantly longer
interval than previously achieved. Our di-
rect integration of the equations of motion
spans 36,000,000,000 days, or about 98.6
million years. Our earlier result concerning
the chaotic motion of Pluto, as well as the
result of Laskar that the solar system is
chaotic, are both confirmed. In order to
localize the sources of the chaotic behavior
we have carried out numerous additional
long-term integrations. We have found that
the evolution of the Jovian planets is inde-
pendently chaotic, as is the motion of
Pluto.

Method of integration. We use the sym-
plectic n-body mapping method of Wisdom
and Holman (10) to integrate the planetary





