
Two Magnetoreception Pathways in a 
Migratory Salamander 

Male eastern red-spotted newts (Notuphthalmus viridescem) under controlled labora- 
tory conditions exhibit unimodal magnetic compass orientation either in a trained 
compass direction or in the direction of their home pond. If the vertical component of 
the magnetic field is inverted, newts exhibiting the simple-compass response undergo a 
180" reversal in orientation, whereas newts orienting in the home direction are 
unaffected by this treatment. These results indicate that newts use an axial compass 
mechanism for sirnple-compass orientation similar to that found in migrating birds. 
However, a distinct magnetoreception pathway with polar response properties is 
involved in homing and is possibly linked in some way to the navigational map. 

T ERRESTRW VERTEBRATES EXHIBIT 

two forms of long-distance orienta- 
tion behavior. (i) In simple-compass 

orientation a fixed directional heading is 
maintained, requiring only compass infor- 
mation (1-3). (ii) Navigation or homing, 
which has been demonstrated in amphibians 
(4), reptiles (5), and birds (6), requires a 
source of "map" information to determine 
the correct geographic position relative to 
home, as well as a compass to orient in the 
homeward direction (7). 

Until now, navigation has not been elicit- 
ed from any animal in the laboratory where 
potential cues can be easily and precisely 
manipulated. Moreover, it has not been 
possible to directly compare simple-compass 
orientation and navigation under the same 
experimental conditions. However, studies 
of the eastern red-spotted newt (Notophthal- 
mus viridescens) (2,4) have, to a large extent, 
overcome these problems. Both simple- 
compass orientation and homing are impor- 

Fig. 1. (A and B) Axial and polar magnetic 
responses. A navigator's compass used by humans 
detects the horizontal polarity (h) of the magnetic 
field (P), which defines "polar" north. In contrast, 
rmgratory birds use the slope or inclination of the 
magnetic field lines to distinguish "axial" north 
(8 ) .  Axial north is defined as the direction in 
which the magnetic field lines form the smallest 
angle (a) with the gravity vector (open arrow). 
(A) For any given horizontal component (h), 
when the vertical component of the magnetic field 
(v) points downward, polar and axial norths 
coincide. (B) Inversion of the vertical component 
(v') reverses the inclination but does not change 
the horizontal polarity of the magnetic field. 
Thus, when the vertical component is inverted, 
axial and polar norths are in opposite directions. 
(C) Training tanks were 110-liter, all-glass aquari- 
ums with one end partially enclosed in black 
plastic. Three rows of progressively shorter plastic 
tubes (5 cm in diameter) provided an artificial 
shoreline at the enclosed end. The bottom of the 
tank was covered with coarse gravel that sloped 
up toward the shore end. Heat lamps (150 W) 
located above the tank increased the water tem- 
peramre. An air-driven circulation system pre- 
vented a thermal gradient from forming and 
produced a current flowing from the shallow to 
the deep end of the tank. 

tant components of the orientation behavior 
of this species. Like many other pond-dwell- 
ing vertebrates, newts learn a compass re- 
sponse perpendicular to their home shore- 
line @-axis orientation) by using a variety of 
compass cues (1, 2). In addition, newts that 
have been displaced as much as 20 km from 
their home pond are able to navigate in the 
appropriate homeward direction (4). In the 
laboratory, eastern newts exhibit strong, 
replicable magnetic orientation and can be 
made to switch from y-axis orientation to 
navigation by manipulation of the water 
temperature before testing (4). Consequent- 
ly, the functional properties of the magne- 
toreception systems involved in these behav- 
iors can be directly compared. 

Currently the most important clue to the 
physical process underlying magnetic field 
detection in terrestrial vertebrates is the axial 
sensitivity of migrating European robins 
(Erithacus rubecula) (Fig. 1, A and B) (8). In 
the present study, the technique of inverting 
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the magnetic field's vertical component (de- 
scribed in the legend to Fig. 1) was used to 
investigate whether the simple-compass ori- 
entation and navigation of newts exhibit 
axial or polar response properties. 

Groups of 40 to 60 adult male newts were 
collected from ponds located approximately 
20 km to the east of the laboratory. The 
newts were transported to the laboratory 
(9 ) ,  where they were housed in outdoor 
training tanks ( ~ i ~ .  1C) aligned along the 
north-south or east-west geomagnetic axis. 
On the day of testing, the water temperature 
in the training tank was increased and then 
maintained between 33" and 34.5"C for the 
duration of the test. This increase in water 
temperature causes newts to exhibit strong, 
unimodal magnetic orientation (2, 4).  The 
newts were removed individually from the 
training tank and tested in an enclosed, 
visually symmetrical arena inside the labora- 
tory building (10). Each newt was tested 
only once. In each test, approximately equal 
numbers of newts were tested in four hori- 
zontal magnetic fields: the ambient field 
[magnetic north (mag N) at north] and 
three artificial fields (mag N rotated to east, 
south, or west); the artificial fields were 
produced by a double-wrapped cube-surface 
coil (2, 11). The distributions presented in 
Fig. 2 pool bearings from the four magnetic 
conditions. This method of analvsis factors 
out geographical fixed nonmagnetic bias 
and retains only the component of orienta- 
tion that is a consistent response to the 
magnetic fields (2, 4). Data were analyzed 
by statistical methods described elsewhere 
(12). 

A ~rocedure to determine whether the 
newt's simple-compass and navigational re- 
sponses exhibit axial or polar sensitivity was 
performed by inverting the magnetic field's 
vertical component with a cube-surface coil 
wrapped with two strands of wire (13). In 
the control condition, the two strands were 
powered in opposite polarity, which did not 
alter the vertical component. In the experi- 
mental condition, the two strands were 
powered in the same polarity to produce an 
artificial field opposite to, and twice the 
strength of, the natural vertical component. 
Since the horizontal intensity of the field 
was not altered (and was the s&e in all four 
horizontal field alignments), the resultant 
fields in the experimental condition had the 
same total intensity as the control fields, but 
they had a positivd (north up) rather than a 
negative (north down) inclination (Fig. 1B) 
(14). 
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Earlier studies showed that newts tested 
after residing for several days in water at 
stable temperatures exhibited y-axis orienta- 
tion, whereas newts that experienced a peri- 
od of widely fluctuating water temperatures 
before testing oriented in the direction of 
their home pond (15). Newts exhibiting y- 
axis orientation (Fig. 2, A and C) responded 
to an inversion of the magnetic field's verti- 
cal component by reversing their orientation 
relative to controls (Fig. 2, B and D). In 
contrast, newts orienting in the home direc- 
tion (Fig. 2E) were not affected by the 
inversion of the vertical component (Fig. 
2F). Similar results were also obtained in 
experiments in which a different technique 
was used to elicit unimodal orientation in 
newts (16). Although newts collected from 
ponds in only one direction from the labora- 
tory were used in this study, previous work 
has shown that newts collected from ponds 
located in other directions exhibit appropri- 
ate homeward orientation (4). Therefore, 
the response shown in Fig. 2, E and F, 
appears to be true navigation. These results 
indicate that newts exhibiting simple-com- 

pass orientation respond only to the inclina- 
tion of the magnetic field (axial sensitivity), 
whereas newts that are homing respond to 
the horizontal polarity (polar sensitivity). 

The axial sensitivity of the newt's y-axis 
response is consistent with the Wiltschko's 
findings in European robins (8). Migrating 
birds are thought to maintain fixed compass 
headings during most of their journey (3) ,  
so they can rely solely on a compass mecha- 
nism to determine the path of migration. 
Thus, terrestrial vertebrates appear to use an 
axially sensitive receptor system in a variety 
of contexts that require only compass infor- 
mation. The polar sensitivity of the homing 
response suggests that newts also have a 
second pathway (or a second magnetorecep- 
tion mechanism) for magnetic information 
used for navigation. 

The possibility that terrestrial vertebrates 
have two magnetoreception pathways is in- 
triguing because it has been suggested that 
both map and compass information may be 
derived from the magnetic field (17). A 
magnetic map would require detection of 
the subtle geographic variation in at least 

Fig. 2. Influence of inversion of the magnetic A mag N 6 mag N 
vertical component on simple-compass orienta- 
tion and navigation. Each data point represents 
the magnetic bearing of a single newt. Distribu- 
tions pool data from four horizontal alignments 
of the magnetic field. An arrow in the center of 
each distribution indicates the mean direction of 

00 .* 

orientation; the length of the arrow is proportion- Z - 
al to the mean vector length (r). The open 
arrowhead on the edge of each circle is the C mag N D mag N 

magnetic bearing toward shore in the training 
tank; the closed arrowhead is the magnetic bear- 
ing from the laboratory to the home pond of the 
newts. Insets on the far left show the alignment of + 
the training tank in each test (drawn with north at 
the top of the page); the shaded end indicates the 

00 
artificial shoreline, and the arrow indicates the 
direction to the laboratory building. Distribu- 
tions in the left column are control animals tested E mag N F mag N 

with a normal vertical component. Distributions 
in the right column are experimental animals 
tested with an inverted vertical component. (A to 
D) Newts tested after residing in water at stable 
temperatures. (A) Newts held in tanks aligned on 
the north-south axis and tested in the normal 00 vertical field (controls) oriented at 345" [r = 
0.48; n = 25; P = 0.003; Rayleigh test; (12)], and they were significantly oriented in the direction of 
shore [P(360" = expected direction) = 0.002; V test; (12)]. (B) Newts tested with the vertical 
component inverted were oriented at 178" [r = 0.45; n = 25; P = 0.006; P(360°), not significant 
(NS)]. The distribution of controls and experimentals is significantly different [P < 0.05; Watson U? 
test; (12)]. (C) Groups of newts held in tanks aligned on the east-west axis exhibited eastward 
orientation in the control condtion [82"; r = 0.56; n = 18; P = 0.002; P(100") = 0.00091, whereas 
experimental animals oriented to the west (D) [260"; r = 0.57; n = 16; P = 0.004; P(10O0) = NS]. 
Again, the distribution of controls and experimentals is significantly different (P < 0.05). (E and F) 
Newts tested after exposure to fluctuating water temperatures. (E) Controls held in tanks aligned on the 
north-south axis oriented to the east (76"; r = 0.54; n = 17; P = 0.004), and they were significantly 
oriented in the direction of the ponds from which they were captured [P(113") = 0.0051. (F) Newts 
tested with the vertical component inverted did not reverse their orientation relative to controls and 
continued to show significant homeward orientation [103"; r = 0.50; n = 10; P = 0.08; 
P(113") = 0.021. The distributions of controls and experimentals are not significantly different 
(P > 0.05). Moreover, the distribution of experimentals is significantly different from the distribution 
of the comparable group in tests in which the newts were exhibiting y-axis orientation (D versus F, 
P < 0.05). 

two parameters of the magnetic field (hori- 
zontal intensity, vertical intensity, total in- 
tensity, inclination, and declination), as well 
as the ability to use this information to 
derive a bicoordinate "fix" on the position 
relative to home. Because the average geo- 
graphic variation in the magnetic field is 
only 3 to 5 nTIkm and the earth's field is 
approximately 50,000 nT, deriving map in- 
formation from the magnetic field would 
place quite different demands on the pro- 
cessing of magnetic information than would 
determining compass direction (18). Fur- 
thermore, depending on the type of receptor 
mechanism involved, precise intensity mea- 
surement needed for a map fix may require 
an independent estimate of the magnetic 
field's directionality. Thus, if vertebrates 
have a magnetic map, they are likely to have 
a separate magnetoreception pathway (or, 
possibly, a second magnetoreception mecha- 
nism) for measurement of magnetic intensi- 
ty. 

However, in this study, newts almost 
certainly derived map information before 
testing. Map information was not available 
in the test arena because all potential map 
cues except the magnetic field were exclud- 
ed, and the magnetic field was sufficiently 
variable in the test arena that detection of 
the natural geographic variation in the 
earth's field would have been impossible 
(19). Thus, newts in the test arena were 
carrying out the compass step of homing, 
presumably having derived map information 
earlier while residing in the training tanks. I t  
would appear, therefore, that newts use two 
different pathways for processing magnetic 
compass information: a pathway that re- 
sponds only to the axis of the magnetic field 
for shoreward simple-compass orientation 
and one that responds to the magnetic field's 
polarity for the compass component of navi- 
gation. This apparent redundancy indicates 
that the response properties required for 
these two types of behavior differ, as would 
be expected if the receptor mechanism used 
for the compass component of homing is 
also involved in deriving map information. 
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Molecular Cloning of the Chicken 
Progesterone Receptor 

To define the functional domains of the progesterone receptor required for gene 
regulation, complementary DNA (cDNA) clones encoding the chicken progesterone 
receptor have been isolated from a chicken oviduct Agt l l  cDNA expression library. 
Positive clones expressed antigenic determinants that cross-reacted with six monospe- 
cific antibodies derived from two independent sources. A 36-amino acid peptide 
sequence obtained by microsequencing of purified progesterone receptor was encoded 
by nucleotide sequences in the longest cDNA clone. Analysis of the amino acid 
sequence of the progesterone receptor deduced from the cDNA clones revealed a 
cysteine-rich region that was homologous to a region found in the estrogen and 
glucocorticoid receptors and to the avian erythroblastosis virus dqg-erb-A fksion 
protein. Northern blot analysis with chicken progesterone receptor cDNAYs indicated 
the existence of at least three messenger RNA species. These messages were found only 
in oviduct and could be induced by estrogens. 

S TEROID HORMONE REGULATION OF 

gene expression in eukaryotic cells is 
mediated by specific intracellular re- 

ceptors (1) that have a high affinity for their 
respective steroid hormone (I(d = 10-'0A4) 
and are present in low concentrations in 
target cells (2). In the chick oviduct, the 
interaction of progesterone with its receptor 
results in increased transcription of a defined 
set of genes coding for egg white proteins 
(3) .  In addition to its role as gene regulator, 
the progesterone receptor (PR) itself ap- 
pears to be regulated by estrogen (4). The 
PR in chick oviduct consists of two hor- 
mone-binding moieties (5). Protein A, 
which has a molecular mass of 79 kD, binds 
to DNA with high affinity. Protein B, which 
has a molecular mass of 108 kD, binds less 
well to DNA but interacts with certain 

nonhistone chromosomal proteins (2). The 
progesterone-responsive ovalbumin gene 
has sequences in its 5' flanking region that 
may be involved in the regulation of its 
expression by the PR-progesterone complex 
(6). However, direct analysis of the relation 
between PR proteins A and B and of their 
interactions with target gene elements has 
been hampered by their low concentration 
and the difficulty of purifying substantial 
quantities of receptor. Therefore, to define 
the functional domains of the PR required 
for such interactions with gene elements, 
we have cloned a complementary DNA 
(cDNA) encoding the chick progesterone 
receptor. 

A panel of six monoclonal antibodies, 
each recognizing the chick PR, was used to  
screen a Agtll cDNA library for expression 

of PR epitopes. Five of these antibodies, 
raised against the chick receptor, have been 
characterized (7). Each of the antibodies 
appears to react with a different antigenic 
determinant of the receptor. The additional 
monoclonal antibody was raised against hu- 
man PR from T47D cells and cross-reacted 
with chick PR. We analyzed the antibodies 
by immunoblotting to determine their 
specificity for PR under conditions used to 
screen the expression products of the cDNA 
clones (Fig. 1A). Crude cytosolic extracts 
from chick oviduct were subjected to elec- 
trophoresis in 10% sodium dodecyl sulfate 
(SDS)-polyacrylamide gels and transferred 
to nitrocellulose filters. Filter strips contain- 
ing resolved cytosolic proteins were then 
incubated with each of the monoclonal anti- 
bodies. All six antibodies reacted specifically 
with PR protein B, and all but two reacted 
equivalently with both protein A and pro- 
tein B. Antibody PR22 had the highest 
apparent affinity for PR under these condi- 
tions and was chosen for primary screening 
of the cDNA librarv (8). , \ ,  

To screen large numbers of recombinants, 
we constructed a A g t l l  cDNA expression 
library (9) with size-selected polyadenylated 
RNA (larger than 2 kb) from chick oviduct. 
The library contained approximately 
6 x lo6 members, 95% of which were re- 
combinants. Approximately 3 x lo6 phages 
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