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Lamprey Neurofilaments Combine in One Subunit the Features of
Each Mammalian NF Triplet Protein But Are Highly Phosphorylated

Only in Large Axons
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Compared with heteropolymeric assemblies of neurofila-
ment (NF) triplet proteins in mammailian NFs, lamprey (Petro-
myzon marinus) NFs are homopolymers of 180 kDa subunits
(NF180). We describe unique features of lamprey NF 180 that
distinguish it as a prototype of vertebrate NF subunits. These
features may underlie key functions subserved by the ear-
liest vertebrate NFs.

Lamprey NF180 displays properties common to all inter-
mediate filament (IF) proteins, but it also exhibits features
that distinguish the mammalian triplet of NF subunits from
all other IF proteins. For example, digestion of lamprey NF180
with chymotrypsin produces an insoluble 40 kDa core unit
and releases a soluble fragment intermediate in size (140
kDa) to the carboxy-terminal (sidearm) extensions of the 2
high-molecular-weight (M) mammalian NF subunits. The core
unit contains epitopes similar to those in the core of each
mammalian NF triplet protein, while the soluble fragment
contains other determinants similar to those in the sidearms
of the 2 high-M, mammalian NF polypeptides. Like these
polypeptides, the immunological properties of some NF180
peripheral determinants were strongly affected by their
phosphorylation state. Indeed, NF 180 shares immunological
similarities with the multiphosphorylation repeat domains in
the high-M, mammalian NF subunits. Further similarities with
mammalian NF proteins include the preferential expression
of poorly phasphorylated NF 180 isoforms and of phosphate-
dependent NF180 epitopes in axons of all sizes, and the
restriction of nonphosphorylated NF 180 isoforms to neuron-
al perikarya. In marked contrast to mammals, however, the
most heavily phosphorylated isoforms of NF180 were ex-
pressed exclusively in large-diameter axons.

We conclude that the single subunit forming lamprey NFs
exhibits the essential features of mammalian NFs, i.e., a
filament-forming core and a carboxy-terminal extension with
a multiphosphorylation site. Further, the sharp restriction of
heavily phosphorylated NF180 to large axons suggests that
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multiphosphorylation domains were acquired during evolu-
tion to permit larger axon diameters and faster conduction
velocities.

For as yet unknown reasons, mammals have evolved at least 5
cell-type specific classes of intermediate filaments (IFs), includ-
ing a neuron-specific class referred to as neurofilaments (NFs).
Non-neuronal mammalian IFs exist as homopolymers or het-
eropolymers of 1 or 2 different subunits, but mammalian NFs
are heteropolymers of a triplet of proteins, i.e., a low-, mid-
dle-, and high-molecular-weight (M,) subunits NF-L, NF-M, and
NF-H, respectively), which in rat have an apparent M, of 70,
145, and 200 kDa, respectively (see Schlaepfer, 1987, for a
recent review). NFs are present in functionally distinct regions
(axon, dendrite, soma) of many different neurons (Peters et al.,
1976), but their precise function(s) is largely enigmatic. How-
ever, in larger axons, the number of NFs correlates with axon
diameter (e.g., Friede and Samorajski, 1970), and this, together
with other elegant experimental data, suggests that the number
of NFs regulate the diameter of some populations of large axons
(Hoffman et al., 1984, 1987).

A key structural feature of all IF subunits is a highly conserved
40 kDa a-helical coiled-coil core required for the self-assembly
of IF subunits into 8-10 nm filaments (see Steinert et al., 1985,
for a recent review). In mammalian NF subunits, the 40 kDa
core 1s flanked by a 10 kDa extension at the amino-terminus
and by a peripheral domain or sidearm of variable length at the
carboxy-terminus, which accounts for differences in the M, of
NF subunits (Chin et al., 1983; Geisler et al., 1983). The side-
arms of NF-M and NF-H are extensively phosphorylated (up
to 50 mol phosphate/mol protein) (Julien and Mushynski, 1982,
1983; Carden et al., 1985). These phosphate residues cluster
into tandem repeats or multiphosphorylation domains and ap-
pear to be present in NF-H of almost all higher vertebrates (Lee
et al., 1986a, 1988b; Geisler et al., 1987). Similar repeats are
also found in NF-M of human (Geisler et al., 1987; Myers et
al., 1987; Lee et al., 1988a) and chicken (Zopfs et al., 1987; Lee
et al., 1988a), but not in NF-M of rat (Napolitano et al., 1987)
and mouse (Levy et al., 1987). Since multiple tandem phosphate
sites appear to distinguish NFs from all other classes of IFs,
these sites in the COOH-terminal peripheral domains may be
oriented ! 2 as to regulate the interactions of NFs with each other
and with neighboring organelles.

The somatofugal gradient of mammalian NF-H and NF-M
phosphorylation (Sternberger and Sternberger, 1983; Lee et al.,



1987) and its early emergence in embryonic neurons (Carden
et al., 1987) suggest that phosphorylation may mediate dynamic
axon-specific functions of mammalian NFs. However, the com-
plexity of the mammalian nervous system and the plethora of
differentially phosphorylated NF-H and NF-M isoforms have
made it difficult to determine precisely how phosphorylation
might mediate axon-specific NF functions in mammalian sys-
tems,

For these reasons, we undertook to elucidate the functional
implications of NF phosphorylation in a simple vertebrate ner-
vous system. We chose the lamprey for this purpose because it
is the most primitive vertebrate (Hardisty, 1982). Lamprey NFs
are known to be homopolymeric IFs built from assemblies of
single 180 kDa (NF180) subunits (Lasek et al., 1985; Pleasure
et al., 1986). Further, the lamprey has a relatively simple CNS
comprised exclusively of unmyelinated axons of variable di-
ameter (Rovainen, 1979). However, the utility of the lamprey
for studies of NF function depends critically on the relationship
of lamprey NF180 to mammalian NF triplet proteins. Accord-
ingly, our experimental design included a thorough character-
ization of lamprey NF180, in addition to an assessment of the
functional significance of its phosphorylation states.

Materials and Methods

Purification of enriched NF preparations from lamprey and rat. NF
enriched cytoskeletal preparations were obtained from lamprey spinal
cords following procedures described previously for the preparation of
mammalian cytoskeletal fractions (Lee et al., 1987). Briefly, larval sea
lampreys (7-10 cm long) were anesthetized in 0.01% tricaine methane
sulfonate and their spinal cords were dissected. Spinal cords (12-20 mg
wet weight/cord) were homogenized in buffer (20 mg wet weight/ml
buffer) that contained 1% Triton X-100, 0.6 M KCl, 2 mMm EDTA,
and 2 mm EGTA in 50 mm Tris HCI at pH 7.0. Preliminary studies
showed extensive degradation of lamprey NFs if Ca?*+ was present in
the homogenization buffer. After centrifugation at 100,000 x g for 20
min in a Beckman airfuge, the pellet was dissolved in BUST (2%
B-mercaptoethanol, 8 m Urea, 1% SDS, and 0.125 M Tris HCI, pH 6.8)
at a concentration of 5 mg (original wet weight) per milliliter of BUST.
Homogenates of lamprey spinal cord and brain also were prepared by
direct homogenization of nervous tissues in BUST or isoelectric focusing
(IEF) sample buffer (5 mg wet weight/ml) for 1- or 2-dimensional gel
electrophoresis, respectively (see below). Enriched rat NF preparations
were prepared according to a procedure developed previously (Lee et
al., 1987).

Preparation of monoclonal antibodies. The initial production and
characterization of the monoclonal antibodies (mAbs) used in this study
are detailed elsewhere (Carden et al., 1985; Lee et al., 1986a, b, 1987).
These mAbs were raised using gel-purified rat or bovine NF subunits
as immunogens. The specificity of these anti-NF mAbs for lamprey
NF180 was determined by immunochemical and immunohistochemical
methods exactly as described earlier (Carden et al., 1985; Lee et al.,
1986a, b, 1987) except that lamprey tissues or tissue homogenates were
used as test substrates. For the studies described here, we selected only
those mAbs that cross-reacted with lamprey NF180 in immunoblots as
well as in immunohistochemical preparations. Efforts to probe the IFs
of CNS supporting cells (glial cells) for comparison with NF180 using
an mAb raised to bovine glial filament protein (Lee et al., 1984) were
unsuccessful because this mAb (2.2B10) failed to cross-react with any
lamprey proteins in immunoblots and it did not bind to any structures
in immunohistochemical preparations of lamprey tissues.

One- and two-dimensional SDS-PAGE and immunoblots. For 1-di-
mensional (1-D) analysis by SDS-PAGE, proteins were separated on
0.75-mm-thick 7.5% polyacrylamide gels. For 2-dimensional (2-D) gel
analysis, IEF was used in the first dimension and SDS-PAGE in the
second dimension exactly as described previously (Lee et al., 1987). For
IEF, a pH gradient of 4.5-8.0 was achieved using LKB ampholines (pH
3.5-10, 5.0-7.0, and 4.0-6.0) in a ratio of 2:9:9 at a final concentration
of 2%. Gels (1-D and 2-D) were stained with Coomasie G-250 or the
Gelcode silver stain kit (Pierce Chemicals). Proteins separated in 1-D
and 2-D gels were transferred electrophoretically to sheets of nitrocel-
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lulose paper, and the proteins in these gel replicas were probed with
mAbs by the peroxidase-antiperoxidase (PAP) method as described (Lee
et al., 1987).

Chymotryptic digestion of lamprey NFI180. Lamprey NFs were di-
gested with chymotrypsin according to a modification of previously
described procedure (Carden et al., 1985). Briefly, lamprey spinal cord
samples (10 mg tissue/ml buffer) were homogenized in Tris buffered
saline (TBS) containing 2 mMm EGTA, 1 mMm EDTA, and 0.1 unit/ml
aprotinin. The homogenate was centrifuged in an airfuge (1 x 10° g) at
4°C for 1 hr, after which the pellet was resuspended in TBS. Aliquots
of the resuspended pellet were incubated with different concentrations
of chymotrypsin at 22°C for 30 min and the reaction stopped by addition
of phenylmethylsulfonyl fluoride (PMSF) to a concentration of 5 mm.
Samples were centrifuged to separate pelletable fragments from soluble
proteins in the supernatant. Each fraction was mixed separately with
sample buffer (Laemmli, 1970), boiled, and subjected to SDS-PAGE.
Proteins in these gels were stained with Coomasie blue or analyzed by
the immunoblot method as described above.

Immunohistochemistry. PAP immunohistochemistry was performed
on 10-um-thick deparaffinized sections cut from paraffin embedded
tissue that was immersion fixed as 4- to 6-mm-thick blocks in Bouin’s
solution for 6-12 hr. These procedures and the controls used in these
experiments have been described (Lee et al., 1986a).

Enzymatic dephosphorylation of tissue sections and isolated lamprey
NFs. Tissue sections were enzymatically dephosphorylated by incuba-
tion for 3 hr at 37°C with 1040 units/ml of E. coli alkaline phosphatase
(Sigma type III-N) followed by PAP immunohistochemistry. The pro-
cedures and controls for these experiments have been described (Lee et
al., 1986a). NF-enriched lamprey spinal cord preparations (at a con-
centration of about 0.5 mg/ml) were dephosphorylated in a similar
manner, and the reaction was stopped by adding excess phosphate buffer
(Carden et al., 1985; Lee et al., 1986a).

Electron microscopy. Representative samples of lamprey spinal cord
were excised in Ringer’s solution, immersion fixed in buffered glutar-
aldehyde (2%) for 2 hr, rinsed in Ringer’s, and prepared by standard
procedures for examination by routine transmission microscopy (Phil-
lips 201).

Results

Biochemical and immunochemical properties of the lamprey
180 kDa cytoskeletal protein place it in the family of IF
proteins

Figure 14 shows the protein composition of total homogenates
and Triton X-100-insoluble cytoskeletal-enriched fractions from
lamprey spinal cord separated by SDS-PAGE. Several protein
bands, including the apparent M, 180 kDa single lamprey NF
subunit intially described by Lasek et al. (1985), were found to
be enriched in cytoskeletal preparations (compare lanes 3 and
5 in Fig. 14). As noted in a number of mammalian systems,
relative insolubility in Triton X-100-containing solutions is a
characteristic property of NF subunits, as well as of other cy-
toskeletal proteins of the CNS (Schlaepfer, 1987). That intra-
axonal 8-10 nm IFs are indeed abundant in lamprey spinal cord
is well illustrated in Figure 1B. Note that orderly arrays of NFs
are distributed throughout the cross-sectional area of unmyelin-
ated axons. NFs are the dominant cytoskeletal structure in large-
diameter axons, where they are infrequently interspersed with
other organelles (e.g., microtubules). Furthermore, like their
mammalian counterparts, lamprey NFs exhibited readily iden-
tifiable 1- to 2-nm-thick, straight, and relatively smooth side-
arms varying in length from 30 to about 90 nm (insert in Fig.
1B). Some sidearms extended from one NF to another, others
extended from an NF to another structure (e.g., a microtubule
or the internal surface of the axolemma), and yet others did not
abut any other organelles, although they were attached at one
end to an NF (Fig. 1 B and insert). Notably, glial processes also
contained numerous 8- to 10-nm-diameter, tightly packed,
smooth IFs without lateral projections, and they presumably
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Figure I. A, The 1-D SDS-PAGE (7.5%) profile of lamprey spinal cord
proteins as compared with molecular markers (lane I with M, in kDa
at left) and rat spinal cord NF proteins (lane 2). A whole homogenate
(lane 3) of lamprey spinal cord, and a Triton X-100-soluble (lane 4)
versus a Triton X-100-insoluble cytoskeletal enriched fraction (lane 5)
of lamprey spinal cords reveals a protein designated as NF180 (see hash
mark and M, at right) only in the whole homogenate and Triton
X-100-insoluble fraction. B, Low-power electron micrograph of a cross
section of an axon in lamprey spinal cord (scale bar, 1 um). The nu-
merous 10 nm filaments in B are seen at higher magnification in the
insert (scale bar, 100 nm), and at this power, 1-2 nm inter-NF “cross
bridges™ are seen.

represent an early. vertebrate form of glial filaments (data not
shown).

Immunological evidence that the lamprey 180 kDa cytoskel-
etal protein is closely related to other members of the IF family
of proteins is provided in Figure 24, which shows that this
polypeptide is recognized in 2-D nitrocellulose replicas by the
anti-IFA mAb (Pruss et al., 198 1). Extensive studies have shown
that this mAb binds to a highly specific IF epitope shared by
all IF proteins (Magin et al., 1987). The anti-IFA mAb detected
a streak at M, 180 kDa in addition to several spots between M,
50-60 kDa (Fig. 24). Thus, the 180 kDa protein clearly belongs
to the IF family of proteins, and the streak like profile of this
180 kDa immunoband in the 2-D gel replica suggests that this
protein is a high-M, NF subunit since such behavior on 2-D
gels is characteristic of mammalian NF-H (Lee et al., 1987;
Nixon et al., 1987; Oblinger, 1987). Further, the low affinity of
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Figure 2. A, Immunoblot produced from a 2-D gel used to separate
proteins in a whole homogenate of lamprey spinal cord and probed with
the anti-IFA mAb (Pruss et al., 1981). In addition to NF180 (hash mark
with M, indicated), anti-IFA stained several spots between 45-50 kDa
that might represent non-neuronal (e.g., glial and/or vimentin filament)
IF proteins. B, Rat and lamprey spinal cord NF preparations separated
by 1-D SDS-PAGE (7.5%) and then transferred to nitrocellulose paper.
Identical strips were cut from the rat (R) and lamprey (L) nitrocellulose
replicas and incubated as pairs (4 in all here) with different mAbs. From
left to right, the mAbs used with each pair were Sd 112, RMO14, RMO125,
and RMO205, respectively. Note that mAbs specific for each rat NF
triplet protein (identified as H, M, and L at leff) are capable of cross-
reacting with lamprey NF180 (3, indicated to the right).



anti-IFA for this 180 kDa lamprey protein is reminiscent of its
poor immunoreactivity for the higher-M, squid NF subunits
(Cohen et al., 1987). The spots between M, 50-60 kDa are
probably non-neuronal IFs, as similarly described recently in
Myxicola (Bartnik et al., 1987) and keratin spots that frequently
contaminate acrylamide preparations.

This putative relationship of the 180 kDa lamprey polypep-
tide to IF proteins, and particularly to 1 of the 3 mammalian
NF triplet proteins, was reinforced by the failure of mAbs raised
to mammalian glial filament and vimentin filament proteins
(Lee et al., 1984) to detect the lamprey 180 kDa polypeptide in
immunoblot assays (data not shown), while many anti-rat NF
protein mAbs did bind lamprey NF180. For example, 4 mAbs
raised to rat NF subunit proteins that were found previously to
be specific for rat NF-L, NF-M, NF-H, and epitopes shared by
NF-M and NF-H, respectively (Lee et al., 1987) all intensely
stained lamprey NF180 in nitrocellulose replicas of 1-D SDS-
PAGE gels containing cytoskeletal lamprey spinal cord prepa-
rations. Since, as shown in Figure 2B, all 4 mAbs selectively
recognized the 180 kDa polypeptide from lamprey spinal cord
and no other proteins, it is reasonable to assume that this protein
is immunologically related to the 3 mammalian NF triplet pro-
teins. Accordingly, we refer to it throughout the remainder of
this paper as the lamprey NF180 subunit, or simply NF180.

Lamprey NF180 shares extensive immunological properties
with each mammalian NF triplet protein

We assessed the extent of the immunological similarities be-
tween lamprey NF180 and other mammalian (especially rodent)
NF triplet proteins using a large panel of mAbs previously raised
to rat or bovine NF subunits by characterizing the epitopes in
lamprey NF180 that were recognized by these mAbs. The im-
munochemical and immunohistochemical properties of these
mADbs have been characterized extensively using a diverse array
of NF proteins or tissues from a variety of mammalian (in-
cluding rodent) and submammalian species (Carden et al., 1985;
Lee et al., 1986a, b, 1987, 1988a, b). Briefly, in the rodent,
where they have been examined most thoroughly, these mAbs
have the ability to distinguish: (1) NFs in different states of
phosphorylation, i.e., nonphosphorylated, or poorly phospho-
rylated (P[—]) NF protein isoforms, and a large number of NF
protein variants that exist in low (P[+]), intermediate (P[+ +])
and heavily (P[+ ++]) phosphorylated forms; (2) epitopes in
different core and peripheral domains of individual NF sub-
units; (3) NF determinants in core and peripheral domains that
are immunologically phosphate independent (P[ind]), i.e., un-
affected by the state of phosphorylation of NF-M and NF-H
peripheral regions. Additionally, many of the mAbs from these
3 groups were shown to recognize the multiphosphorylation
repeat domains present in the COOH-terminal regions of either
human NF-M (Lee et al., 1988a) or rat NF-H (Lee et al., 1988D).
Finally, the immunochemical properties of these mAbs correlate
closely with their immunohistochemical staining patterns in rat
and other species such that a somatofugal gradient of increasing
degrees of phosphorylation can be detected in CNS neurons
(Carden et al., 1987; Lee et al., 1987; Schmidt et al., 1987).
Table 1 summarizes the mAbs in our large library of anti-NF
antibodies (the specificities of these mAbs for a wide variety of
biochemically and spatially distinct rat NF triplet protein de-
terminants are shown in the left-hand column) that also have
the ability to bind the lamprey NF180 subunit. Figure 3 is a
schematic representation of the possible binding domains along
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Figure 3. Highly schematic representation of the lamprey NF180 pro-
tein and the putative structural/functional domains within it to show
the probable sites in which epitopes are located to which the mAbs used
in this study bind. The schematic is a conceptual model of the protein,
rather than an actual map of the protein based on known sequence
information. The amino-terminus (NH,) and carboxy-terminus (COOH)
are shown. The core region is indicated by the stippled box; the diag-
onally barred box represents the obligatory phosphorylation region in
the peripheral domain, which probably subserves a structural function;
the horizontally barred box refers to the multiphosphorylation repeat
region in the peripheral domain, which may subserve dynamic functions
as a result of cycles of phosphorylation and dephosphorylation. The
proximity of SPS to the core and the remoteness of MPR from the core
are conjectural at this time.

NF180 of some of our mAbs. Of approximately 160 anti-NF
mAbs tested initially by 1-D immunoblot analysis, 31 detected
lamprey NF180. Because the lamprey NF180 subunit was de-
tected by at least one mAb that is specific for an epitope in the
core domain of each rat NF subunit, these data imply that
lamprey NF180 has a core domain which is immunologically
similar to the core region of each rat NF triplet protein. Thus,
despite having an M, of 180 kDa, which is intermediate between
that of rat NF-M (145 kDa) and NF-H (200 kDa), lamprey
NF180 has a core domain which shares significant immuno-
logical properties with all three rat NF subunits, including rat
NF-L (70 kDa).

Additional observations served to solidify the strong im-
munological relationship of lamprey NF180 to mammalian
NF-M and NF-H. For example, lamprey NF180 also was de-
tected by one or more mAbs from each of 3 major mAb cate-
gories described earlier, and many of these mAbs were of the
class that bind to phosphorylation-state-specific epitopes in the
peripheral domains of rat NF-M and/or NF-H. Notably, over
half (*Y,,) of the sidearm-specific anti-rat NF mAbs that cross-
reacted with lamprey NF180 recognize the human NF-M and/
or rat NF-H multiphosphorylation repeat regions in various
states of phosphorylation (Lee et al., 1988a, b). Additionally,
one of these cross-reactive mAbs has also been shown to rec-
ognize a linear NF-M and -H sequence of just 4 amino acids,
i.e., KSP(V/A), in its nonphosphorylated form. These data alone
are highly consistent with the hypothesis that lamprey NF180
includes a long peripheral sidearm that is immunologically quite
similar to the sidearms of mammalian NF-M and NF-H. Fur-
ther, they also suggest that a multiphosphorylation repeat region
within the lamprey NF180 sidearm may exist and may be func-
tionally similar to immunologically homologous repeats in NF-M
and/or NF-H of mammals. Finally, the sequence KSP(V/A) is
a candidate building block for the multiphosphorylation repeat
in lamprey NF180, as appears to be the case for mammalian
NF-M and NF-H (Lee et al., 1988a, b).
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Table 1. Properties of the >160 anti-rat NF subunit specific mAbs
tested for their ability to cross-react with lamprey NF180

Number of
Specificity of mADbs reactive  Representative
mADbs in rat with NF180 mAbs used here
NF-L
P[ind]-core 3 Sdi112
NF-M
P[+] 2 RMO62
P[+++] 0 none
Plind}-sidearm 74 RMO308
Plind]-core 8 RMOI14, RMO44
NF-H
P[+] 1 RMO224
P[+++] 3 RMO34
P[] 2¢ RMd09
Plind]-sidearm 14 RMOI125
Plind]-core 1 Ta56
NF-M & NF-H
P[-] 1¢ RMdO15
Plind]-sidearm 1 RMO205

The characteristics of the epitopes recognized by 31 of these mAbs in rat NF-L,
NF-M, NF-H, or NF-M and NF-H are listed in the left-hand column. The
designations P[+], P[++ +], P[—], Plind]-core, or P[ind]-sidearm are defined in
the text. Of the mAbs tested, 31 cross-reacted with lamprey NF180 and the number
of mAbs from each category in the left-hand column is shown in the middle
column. Examples of an mAb from each category are listed in the right-hand
column. Superscripts identify NF180 cross-reactive mAbs that bind mammalian
multiphosphorylation repeats in NF-M and/or NF-H as follows; a, 4 of these
mAbs detected a P[ind] epitope in the multiphosphorylation repeat region of
human NF-M; b, 3 mAbs bind phosphorylation-dependent epitopes in the
multiphosphorylation repeat domain of rat NF-H; ¢, 2 mAbs bind
dephosphorylation-dependent epitopes in the multiphosphorylation repeat domains
of rat NF-H; d, a single mAb detects a P[ind] epitope in the multiphosphorylation
repeat domain of rat NF-H; e, this mAb recognizes the sequence KSP(V/A).

Evidence that lamprey NFI180 includes a core and a peripheral
domain

To determine whether or not lamprey NF180 contains 2 struc-
turally distinct regions, i.e., an a-helical coiled-coil core region
and a peripheral sidearm with multiple phosphorylation sites,
like those found in mammalian NF-M and NF-H, lamprey
NF180 was analyzed by Coomasie-stained gels and probed with
mADbs in immunoblots following stepwise digestion with chy-
motrypsin. Under well-controlled conditions, this protease
cleaves mammalian NFs and releases the soluble peripheral
domains from each mammalian NF subunit without destroying
the integrity of the 10 nm filament backbone that contains the
insoluble core domain of each NF subunit (Chin et al., 1983;
Carden et al., 1985).

Representative data from these studies are shown in Figure
4A4. At low concentration of chymotrypsin, the bulk of NF180
still sedimented (see lanes 1’ and 2’ in Fig. 44), although 3 bands
(M, 180, 178, and 140 kDa) could be seen in the supernatant
as a result of this treatment (Fig. 44, lane 2'), The 180 and 178
kDa bands that were released into the supernatant may have
arisen due to slight proteolytic clipping of the amino-terminus,
which has been observed for mammalian NF-M (Lee et al.,
1987), while the 140 kDa band may represent nearly the entire
lamprey NF180 carboxy-terminal or peripheral domain minus
the relatively less soluble 40 kDa core region. The release of
these bands into the supernatant, especially after treatments

with higher concentrations of chymotrypsin, was accompanied
by the appearance of fragments having an M, 40-60 kDa (lanes
1-3, Fig. 44) in the pellet fraction. Higher concentrations of
chymotrypsin released more of the soluble fragments and also
generated a cascade of slightly smaller products with apparent
M, of 140,000-110,000 (Fig. 44, lane 4').

Nitrocellulose replicas of gels similar to those shown in Figure
44 were probed with a number of anti-rat NF mAbs that cross-
reacted with lamprey NF180 (Fig. 4, B-D). A mammalian NF-H
core-specific mAb (Ta356) detected the 40-60 kDa pelletable
fragments but not the 140-110 kDa soluble fragments of lam-
prey NF180 (Fig. 4B), as found for similarly digested rat NF-H
(Lee et al., 1986a). Ta56 appeared to bind to core fragments of
NF180 with higher affinity than the intact or partly degraded
NF180 (compare the lamprey NF180 standard and lane 1 in
Fig. 4B). Nearly identical results also were obtained using the
anti-IFA mAb (data not shown). A P[+] rat NF-M sidearm
mAb (RMO62) and another mAb (RMO125) for a P[ind] epi-
tope in the rat NF-H multiphosphorylation repeat region (Lee
et al., 1988b) stained a doublet at 180 kDa and 140-110 kDa
bands in the supernatant after extensive digestion (lanes 3' and
4’ in Fig. 4, C, D). Neither mAb detected the 40-60 kDa bands
in the pellet. These results provide additional evidence for the
notion that lamprey NF180 may comprise a core and a periph-
eral region just like mammalian high-M, NF subunits.

Lamprey NF180 can be enzymatically dephosphorylated with
alkaline phosphatase

After extensive enzymatic dephosphorylation with alkaline
phosphatase, mammalian NF-M and NF-H migrate faster in
SDS-PAGE (Julien and Mushynski, 1983; Carden et al., 1985),
and mAbs can distinguish between the native (phosphorylated),
and enzymatically dephosphorylated states of these subunits
(Sternberger and Sternberger, 1983; Carden et al., 1985; Lee et
al., 1987). Phosphorylation independent epitopes in mamma-
lian NF subunits also can be defined with mAbs (Carden et al.,
1985; Lee et al., 1987). The experiments described here indicate
that very similar phosphorylation-dependent and -independent
lamprey NF180 determinants are detected with our library of
anti-rat NF mAbs, and representative data to illustrate these
properties of lamprey NF180 are shown in Figure 5. After in-
cubation with alkaline phosphatase for different lengths of time,
nitrocellulose replicas of electrophoretically separated lamprey
cytoskeletal proteins were probed with RMQ44 (a mAb that
recognizes a phosphorylation-independent epitope within the
core domain of mammalian NF-M). No change or only a slight
enhancement of immunoreactivity was seen (Fig. 54). In con-
trast, when identical nitrocellulose replicas were probed with
RMO62 (a mADb that recognizes a P[+]-type epitope on mam-
malian NF-M), lamprey NF180 immunoreactivity was quenched
in a progressive manner; this suggests that the RMO62 gradually
lost the ability to bind NF180 as phosphates were removed
progressively from this subunit by longer exposures to alkaline
phosphatase (Fig. 5B). These results suggest that some of the
phosphate residues on lamprey NF180, like their counterparts
in mammalian NF subunits, were enzymatically dephosphor-
ylated by the enzyme alkaline phosphatase, However, many
phosphate residues in NF180 appear resistant to treatment with
this enzyme since the mobility of lamprey NF180 did not ac-
celerate in SDS-PAGE after enzyme treatment, as occurs with
NF-H and NF-M of several mammalian species (Julien and
Mushynski, 1983; Carden et al., 1985; Lee et al., 1987; Schmidt
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Figure 4. A, Electrophoretic (7.5% SDS-PAGE) profile of lamprey NF180 digested with different concentrations of chymotrypsin. Molecular-
weight standards (same as in Fig. 1.4) are shown at lefi. The gel in 4 was stained with Coomasie blue, and pellets (lanes 1—4) or soluble products
(lanes 1-4") are revealed after digestion for 30 min with 0.1 ug/ml (lanes I and 1%); 1 pg/ml (lanes 2 and 2°); 10 pg/ml (lanes 3 and 3°); or 100 pg/
ml (lanes 4 and 4’) of chymotrypsin. Note that lamprey NF180 diminishes, while lower-M, fragments become more abundant with increasing
concentrations of chymotrypsin. In B-D, nitrocellulose replicas were prepared from gels identical to the one in 4 and were then probed with mAbs
(Ta56 in B, RMO62 in C, and RMO125 in D) that recognize rat NF subunits, but also cross-react with lamprey NF180. The arrowheads in B and
C indicate the position of intact lamprey NF180. The specificities of these mAbs are described in Table 1 and are shown schematically in Figure

3; the results are discussed in the text.

et al., 1987). Alternatively, lamprey NF180 may contain an
insufficient number of phosphates to lead to drastic changes in
electrophoretic mobility after dephosphorylation.

Distinct lamprey NFI180 isoforms are differentially expressed
in brain and spinal cord: immunoblot evidence

Region-specific differences in the expression of lamprey NF180
isoforms were analyzed in 2-D gels stained for proteins and in
2-D gel immunoblots; representative data from these studies
are shown in Figure 6. Figure 6, 4, B, show silver-stained 2-D
gels of spinal cord and brain, respectively, in which lamprey
NF180 focuses discontinously within a pl range (5.2-8.1) that
is similar to mammalian NF-H (Oblinger, 1987). Note that the

spinal cord profile (Fig. 6.4) showed a large intense streak at M,
180 kDa at the acidic end (brackets) and another spot with a
lower M, (170 kDa) at the basic end (see arrows). The gels of
the brain homogenate (Fig. 6B8) differed somewhat from those
of spinal cord in that the acidic streak was comparatively less
intense while the basic spot was more intense. These differences
in the relative amounts of acidic and basic NF180 isoforms in
spinal cord versus brain most likely reflect region-specific dif-
ferences in NF180 isoform expression. They are unlikely to be
artifacts due to variations in the amount of protein loaded onto
the gels because many other spots in the 2-D gels of brain and
spinal cord (see arrowheads) exhibit similar staining intensity
in both preparations.
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RMO 44

RMO 62

Figure 5. Nitrocellulose replicas of 7.5% gels containing lamprey NF
enriched fractions were treated with alkaline phosphatase for progres-
sively longer periods of time before being loaded into separate wells for
electrophoresis. The incubation times for each of the 6 preparations
shown here from /eft to right: 0-time (untreated), 12 min, 36 min, 108
min, 324 min, and 18 hr. Upper panel was probed with RMO44, which
is P[ind], while lower B was probed with RMO62, which is P[+]. Both
mAbs bind only lamprey NF180. Further details on the specificities of
these mAbs are listed in Table 1 and shown schematically in Figure 3.

The notion that these differences in brain versus spinal cord
NF180 are due to phosphorylation was suggested by additional
2-D immunoblots of spinal cord homogenates similar to those
just described. For example, mAb (RMO44) specific for core
epitopes in rat NF-M detected both the large acidic and the
small basic spots (Fig. 6C). In contrast, immunoblots of similar
2-D gels of brain homogenates revealed only the smaller basic
spot when probed with the same mAb (Fig. 6D). Since core
determinants are unaffected by phosphorylation state, and since
phosphorylation shifts the p/ of rat NF-H and NF-M from acidic
to basic (Lee et al., 1987), these 2-D immunoblots most likely
reflect the presence of lower amounts of the acidic, phosphory-
lated isoforms of NF180 in brain relative to spinal cord, where
they appear to be more abundant. In support of these interpre-
tations, a mAb specific for a phosphorylation-specific epitope
inrat NF-M (RMO62) did not immunostain nitrocellulose repli-
cas of brain (data not shown), but it detected only the large
acidic streak and not the small basic spot in nitrocellulose repli-
cas of lamprey spinal cord 2-D gels (Fig. 6F). Thus, these data
provide further evidence that the lamprey NF180 variants de-
scribed here are expressed in unequal amounts or ratios in the
different populations of axons and neurons included in brain
versus spinal cord homogenates of the lamprey CNS.

—

Figure 6. A and B, 2-dimensional gel profile of lamprey NF180 in
spinal cord and brain, respectively. Selected areas of the silver-stained
gels are shown; equal amounts of lamprey spinal cord and brain ho-
mogenates were used for each gel. C-E, Selected areas of blots produced
using nitrocellulose replicas of 2-dimensional gels similar to those seen
in A and B. Panel C contains a spinal cord preparation, while D contains
a brain preparation; both replicas were stained with RMO44. The spinal

.

E

cord preparation shown in E was stained with RMOG62. In A-E, the
arrows indicate the position of nonphosphorylated lamprey NF180 and
brackets show the position of phosphorylated NF180. Note that non-
phosphorylated isoform of NF180 migrates slightly ahead of the highly
acidic phosphorylated forms. The arrowheads indicate other spots that
were used to align the positions of the NF180 isoforms; they are equally
intense in both 4 and B.



Immunohistochemistry demonstrates a dramatic
compartmentalization of lamprey NFI180 isoforms within
different regions of individual lamprey neurons

The nonuniform distribution of the different NF180 isoforms
in homogenates of brain versus spinal cord correlated immu-
nohistochemically with a pronounced segregation of these NF180
variants into architecturally distinct domains of individual lam-
prey neurons at the light microscopic level. Figures 7 and 8
illustrate this in sections of lamprey spinal cord and brain probed
with mAbs specific for several different NF180 isoforms (see
Table 1 and Fig. 3). For example, a core-specific mAb (RMO14)
selectively stained perikarya and dendrites of spinal cord neu-
rons while adjacent axons in the same section were completely
negative (Fig. 74). In sections of lamprey brain, this mAb stained
only the giant Muller cell bodies and dendrites (Fig. 84), and it
is from these same giant Muller cells that the large unstained
axons in spinal cord arise. The lack of staining by core-specific
mAbs in axons may be due to the masking of core epitopes
when NF180 subunits are assembled into filaments and/or phos-
phorylated after exiting the cell body. A staining pattern similar
to that seen with RMO 14 (neurons and dendrites positive, axons
negative) was observed in brain sections probed with a mAb
(RMdO15) specific for the dephosphorylated sequence KSP(V/
A) (Fig. 8D, Table 1, and Fig. 3). Thus, KSP(V/A) may be a
NF180 phosphorylation site that is phosphorylated by a kinase
at the axon hillock as the nascent, or nonphosphorylated NFs
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Figure 7. The different immunohis-
tochemical staining patterns achieved
in paraffin sections of Bouin’s-fixed
lamprey spinal cord using 4 different
mAbs (RMO14 in 4; RMO308 in B;
RMO62 in C; RMO34 in D) with spec-
ificities for different phospho-isoforms
of lamprey NF180. The mAb specific-
ities are described in Table 1 and shown
schematically in Figure 3. The sections
are cut transverse to the long axis of the
spinal cord with the spinal canal visible
to the right of center. Large-diameter
axons (asterisks) are prominently
stained in C and D, small-diameter ax-
ons are stained as well in B and C, while
NF-negative and -posilive neurons are
identified with arrows in A-D. The sec-
tions were counterstained with hema-
toxylin. Scale bar, 100 um.

exit the perikaryon and enter the axon. This could account for
the extinction of NF180 binding by this mAb in the axonal
domain of these neurons (data not shown).

In contrast to the highly compartmentalized distribution of
NF180 epitopes recognized by our P[—] mAbs and P[ind] anti-
core mAbs (neurons and dendrites positive, axons negative),
neuronal cell bodies, dendrites, and axons in both spinal cord
and brain were immunostained by a mAb (RMQO308) specific
for a P[ind] determinant located in the sidearm of NF180 (Figs.
7B and 8B, 3, and Table 1). This mAb is known to bind mul-
tiphosphorylation repeats located in the sidearm of human
NF-M (Lee et al.,, 1988a). Sequential sections stained with
RMO308 or RMO14 illustrate the contrasting staining patterns
noted here (Figs. 84 and 8 B). The same axons can be identified
in these sequential sections, and they are alternatively positive
with RMO308 or negative with RMO14, which suggests that
structural changes due to phosphorylation affect the immuno-
logical properties of lamprey NF180 as it is translocated from
perikarya to axons. Further evidence for this is seen in Figures
7C and 8C, where spinal cord and brain sections have been
immunostained with RMO62, a P[+] mAb (Table 1 and Fig.
3). This mAb selectively stains spinal cord axons but not neu-
ronal cell bodies (Fig. 7C). In brain sections, only small axons
were stained by this mAb while giant cell bodies remained neg-
ative (Fig. 8C). Furthermore, when spinal cord sections were
treated with alkaline phosphatase prior to probing with RMO62,
the immunoreactivity was greatly diminished, whereas no change
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Figure 8. Immunohistochemical results from lamprey brain achieved with the following mAbs: RMO14 (4), RMO308 (B), RMO62 (C), and
RMdO15 (D). The sections were prepared as in Figure 6; the specificities of the mAbs are listed in Table 1 and shown schematically in Figure 3.
The arrowheads show the positions of 3 axons that were stained with RMO308 but not with RMO14. Scale bar, 100 um.

in such activity was observed when similar tissue sections were
treated with alkaline phosphatase prior to probing them with a
phosphate-independent mAb such as RMQ 14 (data not shown).
Finally, Figure 7D shows a spinal cord section stained with
RMO34, a P[+++] mAb that is specific for an epitope on the
multiphosphorylation repeat domain of rat NF-H (Lee et al.,
1988Db; see also Table | and Fig. 3). This mAb, like RMO62,
did not stain neuronal perikarya, but unlike RMO62, it only
stained the very large axons in lamprey spinal cord. Remarkably,
small spinal cord axons were virtually negative with this mAb,
which suggests that certain NF180 phosphorylation sites are
selectively occupied only in large-diameter axons. As might be
predicted from immunoblot data on RMO34, when spinal cord
sections were incubated even in low concentrations (10 units/
ml) of alkaline phosphatase, this was sufficient to completely
abolish all RMO34 immunoreactivity (data not shown).

Discussion

Although lamprey axons contain 10-nm-diameter filaments
morphologically indistinguishable from mammalian NFs, the
biochemical and immunological evidence provided here re-
vealed that lamprey NF180 contains many structural features
of all 3 mammalian NF subunits including a Triton-X-insoluble
40 kDa core unit containing epitopes similar to those that are
unique to the core domain of each of the 3 NF subunits; a 140
kDa peripheral domain containing multiple phosphorylation-
dependent epitopes, as well as several phosphorylation-inde-
pendent epitopes; a region in the NF180 peripheral domain
immunologically similar to the multiphosphorylation repeats in
mammalian NF-H and NF-M; an epitope recognized by the
anti-IFA mAb; and an absence of epitopes recognized by several
mADbs specific for the IF subunits of non-neuronal cells. Despite



these extensive similarities, lamprey NF180 differs significantly
from each of the mammalian NF triplet proteins. Only a limited
number of monoclonals in our library of mAbs raised to mam-
malian NF proteins cross-reacted with lamprey NF180. For
example, only 11 of 114 mAbs, which recognize multiphos-
phorylation repeats in human NF-M and/or rat NF-H, cross-
reacted with NF180, and many mAbs to core epitopes in rat
NF-L and NF-M failed to bind to lamprey NF180. Further,
despite the large number of phosphorylation-dependent mAbs
in our library, we did not identify in lamprey the equivalent of
the intermediate phospho-isoform (i.e., P[+ +]) of rat NF-H or
NF-M. This may reflect specialized functions that are subserved
by NFs only in highly developed species, such as mammals.
Another dramatic difference between lamprey NF180 and mam-
malian NF subunits, which exist in a variety of phospho-iso-
forms that partially overlap in their distribution within asym-
metrical mammalian neurons (Bennett and DiLullo, 1985; Lee
etal., 1986b, 1987; Sternberger and Sternberger, 1983; Schmidt
et al., 1987), is the observation that some lamprey NF180 iso-
forms are rigidly segregated into nonoverlapping regions of neu-
rons. For example, both P[—] and P[ind}-core epitopes were
detected exclusively in neuronal perikarya, while both P[+] and
P[+ ++] isoforms were found only in axons. Finally, although
specific phospho-isoforms of lamprey NF180 were present in
axons of all sizes, other NF180 phospho-isoforms were found
only in large-diameter axons. For these reasons, studies of lam-
prey NF180 should facilitate analyses of the functional signifi-
cance of NF peripheral domains in general and the phosphory-
lation of these domains in particular.

Since many vertebrate and invertebrate species display neu-
ron-specific IF proteins that share epitopes with mammalian
NFs (Lee et al., 1986a, 1988a, b) and have an affinity for silver
stains like mammalian NFs (Phillips et al., 1983), it is assumed
that NFs evolved as a specialized form of neuron-specific IFs
prior to the divergence of vertebrates and invertebrates about
800 million years ago (Lasek et al., 1985). Based on an extensive
survey of the NFs of diverse vertebrate and invertebrate species,
Lasek and coworkers have proposed that the predecessor of all
NF subunits emerged as a result of a duplication of the ancestral
IF gene that resulted in a new low-A, (approximately 60 kDa)
IF protein with the typical IF rod domain. Since NF proteins,
like a number of other gene products, are expressed only in
neurons, it also was proposed that early in evolution, the original
NF precursor gene must have become linked to a neuron-specific
genetic regulatory locus. Following the initial appearance of this
neuron-specific IF gene, mutations in the region encoding the
carboxy-terminal tail probably would have led to the devel-
opment of the specialized peripheral domain. It has also been
suggested that the higher-A, NF subunits may have evolved by
the addition of genetic sequences (i.e., exons separated by a
number of introns) to the sidearm or carboxy-terminal domain
of the predecessor NF gene. The insertion or deletion of these
exons would account for variations in the size of the low-, mid-
dle-, and high-A/, mammalian NF subunits.

The data on lamprey NF180 we have presented here, together
with our work on the multiphosphorylation repeat sites in mam-
malian NF-H and NF-M (Lee et al., 1988a, b), lead us to extend
and to modify the proposal of Lasek et al. (1985). While the
initial duplication event may have produced a small (approxi-
mately 60 kDa) “precursor” NF, we believe that this protein
could not subserve the specialized functions of a true NF until
itacquired some of the features found in all NFs so far described.
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Therefore, we suggest that the primordial vertebrate NF gene,
encoding the first functional NF protein, produced a fairly large
(>130 kDa) polypeptide that contained 2 fundamental NF ele-
ments: (1) an obligatory core or a-helical coiled-coil domain
capable of self-assembly into 10 nm filaments and (2) a periph-
eral, highly negatively charged sidearm extending from the core
domain towards the carboxy-terminus, within which resides
multiple phosphorylation sites capable of mediating essential,
dynamic NF functions. A second duplication of this archetypal
NF gene in the vertebrate lineage probably occured after the
lamprey evolved, but before the divergence of amphibians from
fish, because all of these vertebrates have an additional low-M,
NF subunit (see Lasek et al., 1985). A third gene duplication
may have occurred more recently (200-400 million years ago).
This would account for the presence of the third high-M, NF
subunit in most amphibians, birds, and mammals.

Our biochemical and immunologic data support these hy-
potheses by showing that NF180 combines several structural
motifs of mammalian NFs and also allows us to speculate as to
which of these features are strictly necessary for NF function.
In addition, the specific localization of phosphorylated isoforms
of NF180 allows us to propose possible functions for these mul-
tiple phosphorylation sites. The mAbs that recognized all lam-
prey axons regardless of diameter by immunohistochemistry
(i.e., P[+]) were specific for mammalian NF-M, but none of
them cross-reacted with the multiphosphorylation repeat do-
mains of the 2 large mammalian NF subunits. In contrast, the
mAbs that recognized selectively large-diameter axons (i.e.,
P[+++]) were specific for mammalian NF-H and also recog-
nized the multiphosphorylation tandem repeats in NF-H. The
class of phosphorylation sites recognized by the former group
of mAbs may subserve a purely structural role in lamprey axons
as obligatory phosphorylation sites, perhaps for the stabilization
of assembled NFs, while the class of phosphorylation sites rec-
ognized by the latter group of mAbs may subserve a more dy-
namic role in the regulation of axonal caliber, and perhaps in
axonal transport and/or in interactions among NFs and other
axonal organelles. Furthermore, the presence of 2 different phos-
pho-isoforms in different axonal populations suggests that more
than one kinase may be involved in the phosphorylation of
NF180: one distributed throughout all axons and another con-
fined to or activated in large-diameter axons only. Multiple
kinases have been reported to phosphorylate mammalian NF
proteins (Leterrier et al., 1982; Pant et al., 1986; Toru-Delbauffe
etal., 1986), but their precise role in the biology of NFs remains
to be elucidated.

As more is understood about the functions of NFs, it becomes
clear that these functions are intimately associated with its abil-
ities to self-assemble into filaments and to undergo cyclic phos-
phorylation/dephosphorylation (Nixon et al., 1987). The first
property is common to all IF proteins, but the second is NF
specific. We propose, therefore, that the first NF proteins must
have been of high M, with multiphosphorylation domains on
their carboxy-sidearm extensions. Lamprey NF180 fulfills these
criteria, and we postulate that it is the single ancestor of the
mammalian NF polypeptides based on the strength of its im-
munological and biochemical relatedness to the NF triplet and
on the fact that lamprey is the lowest known vertebrate (Har-
disty, 1982).

Based on the available sequence and other data, we propose
that of all 3 mammalian NF subunits, NF-M is most closely
related to NF180. The evidence for a close relationship of NF180
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to mammalian and nonmammalian high-A, subunits in general
and NF-M in particular include (1) the single NF polypetide in
lamprey and Myxicola are large (180 and 160 kDa, respectively),
and both contain an a-helical coiled-coil core domain and a
highly charged, extended peripheral sidearm that is replete with
phosphates (Eagles et al., 1981; Lee et al., 1988a); (2) all other
vertebrate and invertebrate species examined to date (Aplysia
may be an exception) possess one or more high-A/, (130-200
kDa) subunits, in addition to a low-M, NF subunit; (3) a mul-
tiphosphorylation repeat region appears to exist in diverse phy-
la, since many of our mAbs that bind the multiphosphorylation
tandem repeats of human NF-M and/or rat NF-H also cross-
react with the higher-M, NF subunits of chicken (avian), Xen-
opus (amphibian), lamprey (cyclostome), Myxicola (annelid),
squid (mollusc), and all mammalian species (e.g., human, rat,
cow, mouse, hamster) examined to date (Lee et al., 1988a, b);
(4) genomic or cDNA sequence information available to date
on NF subunit proteins from both mammals and birds reveals
the presence of a multiphosphorylation repeat in the peripheral
domain, containing at least one or more units of the amino acid
sequence KSP (Robinson et al., 1986; Levy et al., 1987; Myers
et al., 1987; Napolitano et al., 1987; Zopfs et al., 1987); (5)
available information on the genomic DNA structure of mam-
malian NF subunits reveals that human and mouse NF-M have
2 introns (Levy et al., 1987; Myers et al., 1987), mouse NF-L
has 3 introns (Lewis and Cowan, 1986), and human NF-H also
has 3 introns (Lees et al., 1988). Furthermore, 2 of the 3 introns
in mouse NF-L and human NF-H coincide exactly with the 2
introns found in human and mouse NF-M. Taken together,
these observations suggest that NF-M is the descendant of the
oldest vertebrate NF gene within a model of continued accretion
of introns after an original RNA-mediated transposition. Fur-
ther evidence as to NF180’s relationship to NF-M and as to
whether NF evolved via RNA-mediated or exon-shuffling events
must await sequence and gene structure data on the lamprey
NF180 gene.

If NF proteins evolved along with the emergence of an ad-
vanced nervous system in complex metazoa, then the earliest
function subserved by NFs may have been the maintenance of
axon volume and the regulation of axon diameter. The arche-
typal NF polypeptide therefore would have to be capable of
assembling into filaments, and assembled NFs would have to
be present in a prescribed density throughout the length of the
axon. The long sidearms of this archetypal NF subunit may
have played a central role in this earliest NF function by reg-
ulating NF packing density. This could be accomplished by the
addition of phosphates to the multiphosphorylation repeat, which
would result in the extension of the sidearms from the NF core
as a consequence of repulsive charge—charge interactions. Al-
though we have discussed data that lend credence to this spec-
ulation, we expect that lamprey NF180 may provide an effective
model system in which to marshal additional evidence to prove
or disprove our thesis.
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