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Thy-11/1 and wild-type littermates3. By
adding bicuculline to the solution in the
recording pipette, however, we were able to
‘rescue’ LTP in the dentate gyrus of the
anaesthetized Thy-11/1 mouse. 

These observations raise the question
whether LTP can be induced in the dentate
gyrus of the awake, freely moving Thy-11/1

mouse. Thy-11/1 mice show no deficit in
performance in the Morris water maze, and
our previous results in the anaesthetized
animal suggest that LTP in the dentate
gyrus may not be necessary for spatial
learning. We have developed techniques to
monitor LTP in the awake mouse4, and have
now examined ten Thy-11/1 mice and five
control mice (two wild-type and three het-
erozygotes) from the same breeding colony
as the earlier study3.

Under pentobarbitone anaesthesia, we
placed a stimulating electrode in the angu-
lar bundle to activate perforant path fibres
projecting to granule cells, and a recording
electrode in the hilus of the dentate gyrus to
monitor evoked field responses (see ref. 4
for details). Evoked responses were record-
ed through a miniaturized headstage. 

Animals were allowed to recover for a
week. During the following week they were
handled daily, and familiarized with the
recording box. In the third week, evoked
potentials were sampled daily. After stable
responses had been recorded for two days,
tetanic stimulation was applied, and the
effect on the evoked response monitored
over the next three days. At the end of the
testing period, tail clips were taken for
genetic typing3.

Although the average magnitude of LTP
in the awake Thy-1 knockouts is signifi-
cantly lower than in control animals (Fig.
1a), unambiguous LTP was nevertheless
observed in 5 of 10 knockout animals (Fig.
1b). This contrasts with the situation in the
anaesthetized animal, where we observed

The track of one plaice, caught on 10
February 1994 after 56 days, demonstrates
the information we can obtain with the new
tags. Although release and recovery posi-
tions were only 88 km apart, the recon-
structed track (Fig. 1a) shows that the fish
travelled more than 900 km, first moving
north to the Flamborough Off Ground and
then south to the eastern English Channel
— both important spawning grounds for
plaice — before being caught by a Dutch
trawler in the southern North Sea. This
result was most unexpected, as it is usually
assumed that plaice are faithful to one
spawning ground, at least within a single
spawning season. The track reconstruction8

assumes that the fish migrated by selective
tidal stream transport2, and that, when off
the bottom, swam downstream at an aver-
age speed of 0.6 body lengths per second9,
while being carried over the ground by the
tide. The track is confirmed by independent
estimates of geographical position obtained
from depth measurements made when the
fish was stationary on the sea bed for one or
more tidal cycles (Fig. 1b–d), and by a com-
parison of local sea temperature with
recordings from the tag (Fig. 1a).

Nine of the 17 tracks we have recon-
structed so far show substantial migrations
south into the eastern English Channel or
north along the east coast of England. Three
tracks show two or more reversals similar to
those described above, and the temperature
and hydrostatic data again provide inde-
pendent confirmation of the scale of move-
ment. The tracks show that individual fish
can move rapidly over large distances and
suggest that migration rates (over 20 km
per day where tidal streams are fast) can
often be ten times faster than those deduced
from mark–recapture experiments10.

Our findings illustrate how observations
of individual fish can shed new light on the
behaviour of exploited populations. The
results are relevant to questions of stock
identity and the definition of biologically
realistic quota areas; they also provide a
basis for assessing the impact of technical
conservation measures. Closed areas, which
are already used to underpin quota man-
agement within the European common
fisheries policy10, have recently been sug-
gested as a method of managing cod in the
northwest Atlantic following the cata-
strophic collapse of the Newfoundland fish-
ery11. In addition to practical applications,
the data provide new insights into the envi-
ronmental cues used by migratory fish and
the sensory systems underlying their
sophisticated patterns of behaviour.
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Long-term potentiation
in awake mutant mice

The relationship between long-term poten-
tiation (LTP) and spatial learning has been
explored in a variety of genetically engi-
neered mice with deletions of specific
genes1. With few exceptions, LTP in these
animals has been studied in the hippo-
campal slice preparation. The conditions
required to elicit LTP in vitro, however, may
not be comparable to those in the intact
animal. 

LTP is readily induced in the dentate
gyrus of the anaesthetized or awake rat, but
its induction in vitro requires the addition
of a GABAA antagonist such as bicuculline
to the bathing medium2. In mice lacking the
cell-adhesion molecule Thy-1, we were
unable to elicit LTP in the dentate gyrus of
the anaesthetized mouse, whereas in vitro,
with inhibition by GABA suppressed, the
magnitude of LTP was the same in

Figure 1 a, Slope of the field EPSP evoked in the dentate gyrus in Thy-11/1 mice (n410, filled circles), and
in control littermates (n45, open circles). Baseline responses evoked by test stimuli at 0.033 Hz were mea-
sured on 2 days, after which a tetanus (6 series of 6 trains of 6 stimuli at 400 Hz; 100 ms between trains,
20 s between series) was delivered (arrow). Responses to the test intensity were measured for 60 min after
LTP induction, and for 30 min each on the next three days. Each point represents the mean of 4 consecutive
responses normalized to the mean baseline value. Bar represents 30 min. The magnitude of LTP in Thy-11/1

mice was significantly less than in controls only on the day of induction (P*0.05, ANOVA). b, LTP in the
dentate gyrus of individual Thy-11/1 (closed circles) and control (open circles) mice, plotted as mean
absolute change in population spike amplitude, measured 30–60 min after tetanus, against the correspond-
ing percentage change in EPSP slope. 
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species and its closest surface-dwelling rela-
tive. Using phylogenetic information about
the species relationships3–5, it is possible to
reconstruct nucleotide substitutions and
amino-acid replacements along the two
independent lineages of each pair, and test
the effects of loss of functional constraint
on the rhodopsin gene (Fig. 1).

Our expectation was that, with a loss of
functional constraint, there would be a sig-
nificant difference in nucleotide substitu-
tions between cave and surface lineages,
with the cave lineages having a higher rate
of evolution, similar to that in pseudo-
genes6. In addition, we expected that the
amino-acid replacements would be distrib-
uted randomly over the structure of the
protein, irrespective of known functional
constraints.

Ancestral states for both nucleotide and
amino-acid changes were reconstructed
using the maximum-likelihood procedure7

of PAML8 software. Although there was a
large number of changes along the phylo-
geny, the numbers of nucleotide substitu-
tions along the cave and surface lineages
were nearly identical (Fig. 1). Using a sign
test, we could not reject the null hypothesis
that there was no difference in the number
of substitutions in all three lineages
(P40.452). Amino-acid replacements were
also nearly equal in number (Fig. 1;
P40.367).

Next we tested to see if habitat (cave or
surface) was independent of substitution
pattern. We determined whether nucleotide
substitutions were synonymous (substitu-
tions that do not result in amino-acid
replacement) or non-synonymous (substi-
tutions that do result in amino-acid
replacement) using the maximum-likeli-
hood reconstructions. We then compared
these values to habitat type, and again failed
to reject the null hypothesis of indepen-
dence (Table 1). This indicates that substi-
tution pattern was not affected by
surface/subterranean environmental differ-
ences. Indeed, in comparing nucleotide
substitution matrices we found no signifi-
cant difference between the cave lineages
and the surface lineages (P40.2558, Kol-
mogorov–Smirnov test). So there is no
detectable difference in selection pressures
on the patterns of nucleotide substitutions.

Finally, we examined amino-acid
replacements related to different structural
motifs of the rhodopsin protein. We parti-
tioned the protein into structural units and
identified the number of amino-acid
replacements in these units. Again, we
found no significant differences between
the cave and surface lineages in the distrib-
ution of amino-acid replacements with
respect to the secondary protein structure
(P40.1549, Kolmogorov–Smirnov test). 

These lines of evidence indicate that
there has been no loss of functional con-
straint for rhodopsin in the cave lineages of
crayfishes, which in turn suggests that the
protein is still functional, contrary to previ-
ous studies of cave-adapted organisms6,9.
Rhodopsin cannot have its conventional
function, as there is no light available to ini-
tiate a biochemical cascade. We conclude

Table 1 Synonymous and non-synonymous nucleotide substitutions

Synonymous Non-synonymous P value

C. hubrichti C 13 (7.30–22.3) 6 (2.61–13.3)

C. maculatus 7 (3.29–14.3) 6 (2.61–13.3)
0.206

O. australis C 3 (0.82–8.81) 10 (5.32–18.3)

O. virilis 8 (3.77–15.8) 9 (4.46–17.3)
0.127

P. orcinus C 2 (0.36–7.29) 2 (0.36–7.29)

P. seminolae 6 (2.61–13.3) 1 (0.052–5.76)
0.255

Total Cave 18 (11.2–28.3) 18 (11.2–28.3)

Total Surface 21 (13.3–32.3) 16 (9.60–25.9)
0.157

A comparison between the number of synonymous and non-synonymous nucleotide substitutions in the cave  (C)
and surface lineages. Numbers in parentheses are the 95% confidence limits based on sampling from a Poisson
distribution12. P values were determined using Fisher’s Exact Test for independence.

Figure 1 Maximum-likelihood reconstruction of
nucleotide substitutions and amino-acid replace-
ments for the crayfish phylogeny. Phylogenetic rela-
tionships were reconstructed with morphological3,4

and nucleotide sequence data5, independent of
rhodopsin data. The number of nucleotide substitu-
tions (above the branch) and amino-acid replace-
ments (below the branch) was estimated using the
programs BASEML and CODEML in the PAML pack-
age8. Branch lengths are proportional to the amount
of change. Similar results were obtained using Mac-
Clade13.

no LTP in any of 13 animals3. These results
weaken the evidence for our earlier conclu-
sion that LTP in the dentate gyrus may not
be necessary for spatial learning. The reduc-
tion in LTP in the awake Thy11/1 animal
may simply be insufficient to produce a
spatial learning impairment. 

Neither the in vitro preparation nor the
anaesthetized mouse necessarily provides
an accurate prediction of the potential for
LTP in the awake animal. The wide varia-
bility in the degree of LTP exhibited by
animals in the same alert, awake state (a
variability which may reflect individual
differences in the level of inhibitory tone)
prompts the cautionary observation that
attempts to correlate LTP with behaviour
are unlikely to be interpretable unless both
are assessed in the same animal. 
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The gene for the visual pigment rhodopsin
has been extensively studied from biochem-
ical, molecular and evolutionary perspec-
tives. This makes it ideal for investigating
the relationship between protein structure
and function1,2, and the effects of loss of
functional constraint on the evolution of a
gene. We specifically addressed the question
of what happens when there is no light
available by studying rhodopsin genes from
three pairs of cave-dwelling and surface-
dwelling freshwater crayfish species. Con-
trary to predictions, we found no
differences in the rate of evolution between
the cave and surface species or between the
conserved and variable structural motifs of
the rhodopsin protein. This suggests that
rhodopsin might have a previously un-
known function in the absence of light.

We sequenced a 900-base-pair segment
of the rhodopsin gene from three species
pairs of crayfish, each from a different
genus (Cambarus, Orconectes and Procam-
barus), as well as the gene from an outgroup
species, Cambarellus schufeldtii. Each
species pair consisted of a cave-dwelling

Rhodopsin evolution
in the dark
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