
Our field evidence for rapid onset of 
lacustrine deposition after impact (24) and 
the relatively rapid rates of accumulation 
recorded for such sediments (25) allow us to 
fix the date for the Haughton fossil assem- 
blages well within the limit of error for our 
fission-track values. This provides an invalu- 
able datum point for the hitherto poorly 
dated Neogene plant assemblages of the 
Arctic that will be of considerable impor- 
tance for understanding paleogeography 
and biostratigraphy of the region during 
that time. 
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An in Vitro Neurite-Promoting Antigen Functions in - - 
Axonal Regeneration in Vivo 

The function of the neurite growth-promoting antigen I N 0  has been tested in an in 
vivo neurite regeneration system, the rat iris. The sympathetic innervation of the irides 
was removed by a single systemic injection of dhydroxydopamine. The subsequent 
regeneration of sympathetic axons into the iris of one eye bathed by the I N 0  antibody, 
which inhibits neurite growth in vim, was compared with the regrowth of sympathet- 
ic axons into the iris of the animal's other eye, which contained control antibody. 
Antibodies were released within the eye by implanted hybridoma cells. Neurite 
regeneration was measured by assaying [3Hlnorepinephrine uptake into freshly 
explanted irides. The blockage of the function of the I N 0  antigen by the antibody 
resulted in a decreased rate of axonal regeneration, thus suggesting the involvement of 
the I N 0  antigen in the process of neurite regeneration in vivo. 

I N THIS REPORT WE PRESENT EXPERI- 

mental evidence for the role of the 
neurite growth-promoting I N 0  anti- 

gen in the regeneration of sympathetic nerve 
fibers in vivo. The I N 0  antibody, which 
was generated to the neurite promoting 
activity found in non-neuronal cell condi- 
tioned media, recognizes a laminin-heparin 
sulfate proteoglycan complex (1) and inhib- 
its the in vitro neurite growth of sympathet- 
ic neurons over cryostat sections of sciatic 
nerve (2). To test the possible function of the 
I N 0  antigen in vivo, regenerating axons were 
exposed to the I N 0  antibody by injecting 
hybridoma cells into the anterior chamber of 
rat eyes. Treatment with 6-hydroxydopamine 
(6-OHDA) caused degeneration of sympa- 
thetic terminals in the irides; subsequent re- 
generation. in the vresence of three different 

turn of the sympathetic ground plexus to 
peripheral organs is usually achieved after 
about 2 months (8). The regeneration of 
sympathetic nerve fibers has been monitored 
by the return of norepinephrine content (7) 
and high-affinity norepinephrine uptake (9) 
in peripheral organs; the recovery of these 
biochemical properties parallels the density 
of catecholamine histofluorescent axons. 

The iris separates the anterior and posteri- 
or chambers of the eye and is bathed in 
aqueous humor. A ccblood-aqueous barrier" 
limits exchange of materials between the 
blood and the aqueous humor of the eye 
(10) and at least partially protects the cham- 
bers from immune surveillance (1 1 ). Mouse 
hybridoma cells can grow in the anterior 
chamber and provide a continuous, long- - 

hybridomas that s-ed immunoglobulin M 
(IgM) monoclonal antibodies, was assayed by 
explanting irides into culture media contain- 
ing radiolabeled norepinephrine. 

The iris is innervated by sympathetic fi- 
bers from the superior cervical ganglion, by 
parasympathetic fibers from the ciliary gan- 
glion. and by sensory fibers fiom the trinem- C - .  
inal ganglio;l (3).   he axons, in associition 
with Schwann cells (4), enter the iris at the 
ciliary margin, course radially toward the 
pupil in the stroma, forming a "ground 
plexus," which lacks Schwann cells (4). The 
sympathetic innervation of the iris can be 
selectively lesioned by systemic administra- 
tion of high doses of 6-OHDA, a catechol- 
amine congener, which causes the degenera- 
tion of preterminal and terminal axons (5- 
7). Because neuronal cell bodies survive 6- 
OHDA administration in adults (6) ,  sympa- 
thetic axons begin to regenerate soon after 
this chemical sympathectomy; complete re- 
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Fig. 1. Localization of the I N 0  antigen in an iris 
whole mount. Irides were removed from killed 
animals and placed in 2% paraformaldehyde in 
0 . M  phosphate buffer, pH 7.4. After a 15- 
minute incubation at room temperature, the fixa- 
tive was removed with three 10-minute rinses of 
L15 medium containing 10% fetal calf serum. 
The irides were incubated in 3 ml of hybridoma 
supernatant for 24 hours at 4°C. After three 1- 
hour rinses with PBS at room temperature, the 
irides were rinsed for an additional 24 hours with 
PBS at 4°C. The irides were incubated in 2 ml of 
fluorescein-conjugated goat antiserum to mouse 
immunoglobulins (1 :50 dilution in PBS contain- 
ing 10% rat serum; Antibodies, Inc.). After a 4- 
hour incubation at room temperature, the irides 
were rinsed with three 1-hour rinses of PBS at 
room temperature, gently stretched (stroma side 
up) on a glass slide and mounted in a 50:50 (vlv) 
mixture of glycerol and p-phenylenediamine (1 
mglml) in 0 . M  carbonate buffer, pH 8.3. Scale 
bar, 50 Fm. 
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term source of ~iionoclonal antibodv to the RN3B3. which were used as controls for tion after 6-OHDA treatment and to esti- 
aqueous humor. Thus, the synipathetic ui- 
nervation of the iris provides an excellent 
system to exaniiiie the role of the I N 0  
antigen in pro~notitig regeneration. 

In a whole moult of iris the I N 0  anti- 
body stains a tortuous network in the stro- 
mal layer (Fig. 1). This network is distinct 
from blood vessels containing erythrocytes 
and resembles nerve fiber bundles, which 
course through the stroma. Iris whole 
mounts were also staitird with two other 
IgM mnonoclon;al antibodies, RNlA2 and 

subsequknt experitiients. The RNlA2 anti- 
body recognizes an antigen in sciatic nerve 
but has no effect on neurite growth 111 the in 
vitro bioassay. It stains material in the iris 
stronla in a pattern indisti~iguishable from 
that obtained with the antibody INO. Anti- 
body RN3B3, which binds to sections of 
the distal stump of transected sciatic nerve 
and inhibits neurite growth over such sec- 
tions in vitro (12), does not show detectable 
staining it1 iris whole niounts from normal 
or 6-OHDA-treated rats. 

Irideal norepinephrine uptake was mea- 
sured at various times after chemical sympa- 
thectomy to assess the extent of axon deple- 

mate the rate of subsequent regeneration 
(Fig. 2). The norepinephrine uptake in the 
irides of animals treated with 6-OHDA 24 
hours earlier is indistinguishable from that 
in normal irides incubated at 0°C; the high 
&ity uptake systeni does not function at 
0°C (13). Therefore, at the dose injected 
(100 mglkg), 6-OHDA appears to remove 
the entire sympathetic innervation of the 
iris. Over the subsequent 10-week period, 
irideal norepinephrine uptake gradually re- 
turns to control values, reaching half-maxi- 
mal values at approxinlately 2.5 weeks. 

Sympathetic fibers regenerating within 
the iris were examined histologically by 

ta&hg 2 kl of l~-~~"unlabe led  norepinephrine 
in ice-cold L15 medium. Atier a 10-nunute Incu- 
bation, the irides were rinsed with two changes of 
2 ml of ice-cold L15 medium. Each iris was gently 
blotted on filter paper, transferred to a scintilla- 
tion vial containing 1 ml of 1% SDS in 1 rnM 
HCI, frozen, and thawed. After the addition of 10 
ml of Ultrafluor (National Diagnostics) to each 
vial, radioactivity was measured for 1 minute in a 
liquid scintillation counter. 

Fig. 3. Histochemical localization of irideal sympathetic nerve fibers. Animals were killed and 
enucleated. The eyes were placed in ice-cold Dulbecco's PBS where the irides were removed under a 
dissecting microscope. Each iris was gently stretched on a clean glass microscope slide with the anterior 
(stromal) side up and allowed to partially dry in room air fbr about 5 minutes. The iris whole mount 
was then treated with the glyoxylic acid solution of de la Torre and Surgeon (17) for 5 seconds and 
immediately placed under a hair dryer. After the iris had been rapidly and thoroughly dried, the slides 
were mounted in mineral oil, heated at 95°C for 2 to 3 minutes, and examined in a Zeiss fluorescence 
microscope equipped with epdluorescence and catecholamine filter. Photographs are of glyoxylic acid- 
induced catecholamine histofluorescence in (a) normal iris, and in irides of rats (b) 1 day, (c) 7 days, 
(d) 14 days, (e) 21 days, and (f) 70 days after systemic 6-OHDA treatment. Scale bar, 50 Fm. 
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glyoxylic acid-induced catecholamine histo- 
fluorescence (Fig. 3). In agreement with the 
biochemical data and in contrast to normal 
irides (Fig. 3a), no fluorescent fibers were 
observed in the irides of animals that had 
been sympathectomized 24 hours before 
(Fig. 3b). At 1 week after sympathectomy, 
regenerating fluorescent fibers were visible 
in the dilator region near the ciliary margin 
of the iris (Fig. 3c). These fibers were in the 
anterior stromal layer of the iris and were 
consistently observed in bundles of two to 
ten fibers. As the sympathetic reinnervation 
of the iris proceeded, the regenerating sym- 
pathetic axons tended to grow radially to- 
ward the pupil. As the reinnervation of the 
iris continued, individual fibers left the bun- 
dles and arborized (Fig. 3, d and e), eventu- 
ally reforming the ground plexus. By week 
10 (Fig. 3Q, the sympathetic plexus was 
indistinguishable from that in normal, un- 
damaged irides (Fig. 3a), and the axonal 
bundling that was so prominent at earlier 
time points was difficult to discern. 

Hybridoma cells secreting the in vitro 
neurite growth-inhibiting antibody I N 0  
and antibody RN3B3, as well as those se- 
creting the control antibody RNlA2, were 
injected into anterior chambers to compare 
the effect of a function-blocking antibody 
(in one eye) with that of a control antibody 
(in the other eye of the same animal). One 
week later, rats with undamaged eyes that 
contained clumps of hybridoma cells in the 
anterior chamber were chenlically sympath- 

Time after 6-OHDA injection (days) 

Flg. 4. Histograms of the percent reduction in the 
recovery of norepinephritle uptake by whole iri- 
des at 5, 10, and 20 days after chemical sympa- 
thectomy, in the presence of INO, RN3B3, and 
RNlA2 (control) hybridoma cells in oculo. Hy- 
bridoma cells were grown and implanted as de- 
scribed in (1 8). [3H]Norepinephrine uptake into 
whole irides was measured at various times after 
systemic 6-OHDA administration. The percent 
reduction of norepinephrine uptake by the iris of 
the eye that had contained experimental hybrido- 
ma ( I N 0  and RN3B3) cells, in comparisorl to the 
uptake by the iris of the contralateral eye, which 
had contained control hybridonla ( R N l M )  cells, 
was calculated for each animal; the values given 
are means (+ SEM) derived from the number of 
animals in each group at the top of each histo- 
gram bar. 

ectomized, and sympathetic regeneration in 
the iris of each eye was estimated by norepi- 
nephrine uptake at 5, 10, and 20 days after 
sympathectomy. Hybridoma cells secreting 
the I N 0  antibody caused a substantial re- 
duction in the regeneration of sympathetic 
axons into the iris; the effect was most 
pronounced at time intervals soon after sym- 
pathectomy-5 and 10 days after synlpa- 
thectomy (Fig. 4). In contrast, hybridoma 
cells secreting the RN3B3 antibody had no 
effect on the rate of sympathetic nerve re- 
generation at any time. 

To determine whether the I N 0  antibody 
had exerted its effects by actually penetrating 
the stroma and binding to antigens that 
might normally contact the nerve fiber bun- 
dles, irides from animals that had received in 
oculo injections of I N 0  hybridoma cells 10 
days earlier were rinsed thoroughly with 
phosphate-buffered saline (PBS), and fixed 
and stained with fluorescein-conjugated 
goat antiserum to mouse imn~unoglobulins. 
These irides displayed the characteristic net- 
work in the stroma, indistinguishable from 
the I N 0  staining pattern in iris whole 
mounts after standard irnrnunocytochemical 
procedures (Fig. 1). 

The RN3B3 antibody inhibits neurite 
growth in vitro; however, it did not inhibit 
sympathetic fiber regeneration in the iris. 
This antibody, unlike the I N 0  and RNlA2 
antibodies, stains a network in the stroma of 
the iris only after this tissue has been cul- 
tured for 4 days; it did not stain normal 
irides or irides from animals treated with 6- 
OHDA. Presumably, the total denervation 
that results from the removal of the iris from 
the animal causes the induction of this anti- 
gen. It is possible that more elaborate ma- 
nipulations, such as the surgical removal of 
the sensory or parasympathetic innervations, 
performed at or before the time of sympa- 
thectomy, would reveal a detectable effect of 
this antibody on irideal sympathetic nerve 
fiber regeneration. Because the RN3B3 
antigen cannot be detected in sympathecto- 
mized animals, it is not surprising that this 
monoclonal antibody could not perturb axo- 
nal regeneration under the conditions test- 
ed. 

The I N 0  antibody is most effective at 
delaying the reinnervation of the iris at early 
times after sympathectomy and is less eEec- 
tive at day 20. This correlates with the initial 
phase of regeneration, when bundled axons 
grow within the stroma (Fig. 3, c and d), as 
opposed to later times when the ground 
plexus is being formed (Fig. 3, e and t). One 
interpretation is that the I N 0  antigen, 
which is restricted to a network within the 
stromal layer of the iris (Fig. l ) ,  promotes 
the regeneration of fiber bundles within the 
stroma at early times after sympathectomy, 

whereas other factors promote arborization 
at later times. 

One important question remains. Are the 
"pathways" followed by fascicles of regener- 
ating sympathetic fibers the same as those 
that are stained by the I N 0  antibody? It is 
unfortunate that the techniaue of catechol- 
mine  histofluorescence precludes concur- 
rent immunohistochemical staining proce- 
dures; however, dual-label histological pro- 
cedures with antisera against one of'the " 
catecholamine biosynthetic enzymes and the 
I N 0  antibody would directly answer this 
question. The facts that the pathways (Fig. 
3c) are similar in appearance and distribu- 
tion to the profiles stained by the I N 0  
antibody (Fig. 1) and that neither coincides 
with blood vessels indicate that the ~ a t h -  
ways and the antibody staining patterns are 
probably the same. 

The network stained bv the I N 0  anti- 
body resembles the structures in cultured rat 
irides that are labeled with antisera to nenre 
growth factor (NGF) (14). It has been 
proposed that the NGF-like immunoreactiv- . L 

ity resides in denervated Schwann cells, 
which increase their production of NGF in 
irides after thev have been in culture for 
several days. NGF can serve to promote 
neurite growth as either a soluble or sub- 
strate-bound factor (15). Our findings sug- - - 
gest that regenerating sympathetic axons 
follow well-defined pathways through the 
irideal stroma because of the Dresence of 

I 

substrate-attached molecules, such as those 
recognized by the I N 0  antibody. In addi- 
tion, axons might be guided by concentra- 
tions of other neurite growth-promoting 
factors or by trophic factors such as NGF. 
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Abundant skeletal remains demonstrate that lambeosaurine hadrosaurid, tyranno- 
saurid, and troodontid dinosaurs lived on the Alaskan North Slope during late 
Campanian+arly Maestrichtian time (about 66 to 76 million years ago) in a deltaic 
environment dominated by herbaceous vegetation. The high ground terrestrial plant 
community was a mild- to cold-temperate forest composed of coniferous and broad 
leaf trees. The high paleolatitude (about 70" to 85" North) implies extreme seasonal 
variation in solar insolation, temperature, and herbivore food supply. Great distances 
of migration to contemporaneous evergreen floras and the presence of both juvenile 
and adult hadrosaurs suggest that they remained at high latitudes year-round. This 
challenges the hypothesis that short-term periods of darkness and temperature 
decrease resulting from a bolide impact caused dinosaurian extinction. 

, \ ,  

18. Hybridomas were maintained in logarithmic growth 
in L15-C02 medium supplemented with 0.6% glu- C LOSELY RELATED LATE CRETA- disarticulated dinosaur bones are remarkably 
cose, 2 m~ glutmine, penicillin (100 Uirnl), strep- ceous (about 66 to 76 million years well preserved, and, except for post-deposi- 
tomycin (100 Ulml), and 10% fetal calf serum, until 
the time of transplantation. The cells were washed before the present) terrestrial verte- tional breakage, are not distorted. The 
nvice with serum-free L15 medium and resus~ended brates found in mid-latitudes of North bones are stained dark brown to brownish 
in a serum-free medium America and Asia suggest that Alaska was black, with rare permineralization. They are 
mented with the same concentrations of glucose, 
glutmine, and at a final concentration part of an intercontinental route of dispersal size-sorted, with the largest elements and 
of 10' to 10' cells per milliliter. Male albino Spra- and supported diverse faunas (1). Until re- densest concentration near the base of the 
gue-Dawley to 225 g were cently, dinosaurian footprints and skin im- bed. The matrix is a dark brown, carbona- 
anesthetized with halothane U.S.P. (Halocarbon 
~ ~ b ~ .  j and placed under a dissecting microscope, pressions were the only published records of ceous siltstone containing scattered calcare- 
After a corneal reflex could no longer be elicited, a Alaskan Late Cretaceous terrestrial verte- ous concretions; both lithologies contain 
clean 10-bl glass syringe equipped with a 33-gauge 
needle (Hamilton) was used to puncture both cor- brates (2). The first discovery of dinosaurian large amounts of plant debris and roots, but 
neas. For each eye, the exuuded aqueous humor was bones in Alaska was made in 1961 by the rare fossil wood. Total organic carbon con- 

and the same was filled late R. L. Liscomb at a site on the Colville tent of the siltstone is high and dominated 
to capacity with a suspension of the appropriate 
hybridoma cells, 105 hybridomas River. The significance of his discovery went by terrestrial carbon sources (9). The bone 
were injected into the anterior chamber of one eye unnoticed until 1984 when Liscomb's col- bed shows an abrupt lateral facies change 
through the puncture wound in about bll lection was sent to C. A. Repenning, who northward into a lighter colored siltstone 
immediately followed by the injection of about 0.5 

of air (the air bubble in the anterior chamber recognized that the collection documented that contains no bones and has markedly less 
lodges in the puncture wound and prevents the cell an exceptionally high latitude occurrence of plant debris. Three other bone-bearing hori- 
suspension from leaking out of the eye). One eye 
received experimental hybridoma cells-those se- dinosaurs and forwarded the material to W. wns consist of similar carbonaceous, dark 
creting a function-blocking monoclonal antibody Langston, Jr., for further  stud!^ (3). brown siltstones with concretions, these 
(either I N 0  Or m3B3)--while the co~~tralateral Dinosaur-bearing sediments crop out in three organic-rich beds and the Liscomb 
eye received control hybridomas (RNlA2). One 
week after hybridoma injection, the rats were anes. bluffs (Fig. 1) along the Colville River (4, 5) bone bed are thought to represent soils (8). 
thetized with halothane and both eyes were exam- and are part of the type section of the upper The remaining two bone-bearing horizons 
jned under a dissecting microscope for signs of Kogosukmk Tongue, Prince Creek Forma- are in sand and represent fluvial channel lag 
tissue damage, as well as for the presence of charac- 
teristic clumps of growing hybridoma only tion, upper Colville Group (6). This unit is deposits (8). All of the bone beds are lateral- 
those rats with apparendy normal eyes containing composed of delta plain silts, channel sands, ly discontinuous, ranging from 25 m to 
visible clumps of hybridoma cells in the anterior 
chambers of both eyes were retained for sympathec- local stringers of coal, beds of tephra, and more than 100 m in horizontal extent (8). 
tomy. Each rat was injected intraperitoneally with 6- nearshore marine sands and silts (7). Skeletal Most identifiable vertebrate fossils are re- 
OHDA ' HCI (100 mg'kg, Sigma) freshly dissolved remains of dinosaurs are preserved at six mains of lambeosaurine hadrosaurids (hol- 
in 0.05% ascorbic acid, 0.9% NaCI. Only those rats 
that exhibited marked prosis of the eyelids on the known stratigraphic levels and within three low-crested duck-bill dinosaurs). No skeletal 
next day were considered adequately sympathecto- distinct fault blocks (Fig. 2). The precise elements diagnostic at the genus or species 
mized and retained for further study. 
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