Methods
Wild radish experiments.

We used R. raphanistrum seeds from a second generation of untreated greenhouse-grown
plants. We germinated about 10 seeds from each of 13 maternal families in a greenhouse.
At the four-leaf stage, each plant was randomly assigned to one of the two treatments (3—5
plants per treatment per family). The caterpillar herbivory treatment was maintained
throughout the growth of the plant. Effects of herbivory on seed set are reported
elsewhere'. Seeds from 8 of the original 13 families were chosen for the transgenerational
experiment because they spanned the range of tolerance to herbivory", and 2—4 seeds
from each of 58 maternal plants within 8 grandmaternal families (a total of 126 plants)
were grown in a greenhouse and inoculated with a single newly hatched P. rapae larva.
Caterpillars were not caged. After four days, the caterpillars were weighed.

Effects of grandmaternal family (fixed), maternal environment (control or herbivory;
fixed), maternal family (nested within grandmaternal family by treatment interaction;
random) and seed mass (covariate) on caterpillar growth were analysed using a mixed-
model analysis of variance (ANOVA). F-ratios for grandmaternal family and treatment
effects were calculated with maternal family nested in grandmaternal family by treatment
interaction mean-square and degrees of freedom in the denominator.

For phytochemical analysis, glucosinolates were analysed using modified procedures for
determination of trimethylsilyl glucosinolate derivatives with capillary gas chromato-
graphy and flame ionization detection™. Seed nitrogen and carbon were determined from
a separate set of seeds using dynamic flash-combustion and gas-chromatographic
separation and a thermal-conductivity detection system (Division of Agriculture and
Nature Resources, University of California, Davis).

Daphnia experiments.

We used a Daphnia cucullata clone isolated from Thaler lake, Germany. The experiments
were conducted in the laboratory under constant conditions at 20 °C and fluorescent light
in a synthetic medium. The F, generation had been synchronized by always raising the
third brood offspring born within 12 h, starting from a single Daphnia. Daphnia were fed
ad libitum daily with Scenedesumus acutus (1.5 mgC1™").

Animals with freshly deposited eggs were placed into 0.751 medium containing a 125-
um net cage, enclosing either 10 fourth-instar larvae of Chaoborus flavicans or 4 Leptodora
kindltii, or no predators for controls. The net cages prevented direct contact between
predators and prey.

Predation experiments with Chaoborus were conducted for 0.5 h with each prey morph
separately in 100 ml medium with 10 prey organisms and a single predator. Predation trials
with Leptodora were conducted with 10 prey organisms of each morph together in 0.51in 24-h
experiments. In each experiment, animals of the same age and body size class (0.6—0.8 mm,
from the eye to the base of the tail spine) but of different morphology were compared.

We induced helmet formation in Daphnia by using Chaoborus kairomones. We placed
four Chaoborus larvae in net cages in 1.5-1 beakers and changed the water ever day.
Chaoborids were fed daily with 10-15 prey (D. cucullata and Ceriodaphnia sp.). The F,
generation had been born and raised in these beakers in either the control or kairomone
treatment. We used three beakers per treatment as replicates, which did not differ and were
pooled for analysis.

Daphnids were measured with a digital image-analysis system (SIS, Minster, Ger-
many). To compensate for small changes in body length within an age class, we calculated
the relative helmet length (helmet length/body length X 100). Relative helmet length is a
good predictor of the defensive effect within an age class. The relative values were arcsin-
transformed for analysis. In the induction treatment, differences between control and
kairomone treatment were compared using t-tests. Effects of induced Daphnia phenotypes
on predation were analysed by using a Mann—Whitney-U-test for Chaoborus and with a
paired Wilcoxon test for related samples for Leptodora. To test for transgenerational
effects, we compared the treatments within each brood and age class (Table 2, Fig. 3) with
ANOVA and Bonferroni adjustments.
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Hebb’s rule (1949) states that learning and memory are based on
modifications of synaptic strength among neurons that are
simultaneously active. This implies that enhanced synaptic coin-
cidence detection would lead to better learning and memory. If
the NMDA (N-methyl-p-aspartate) receptor, a synaptic coinci-
dence detector'™, acts as a graded switch for memory formation,
enhanced signal detection by NMDA receptors should enhance
learning and memory. Here we show that overexpression of
NMDA receptor 2B (NR2B) in the forebrains of transgenic mice
leads to enhanced activation of NMDA receptors, facilitating
synaptic potentiation in response to stimulation at 10-100 Hz.
These mice exhibit superior ability in learning and memory in
various behavioural tasks, showing that NR2B is critical in gating
the age-dependent threshold for plasticity and memory for-
mation. NMDA-receptor-dependent modifications of synaptic
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efficacy, therefore, represent a unifying mechanism for associative
learning and memory. Our results suggest that genetic enhance-
ment of mental and cognitive attributes such as intelligence and
memory in mammals is feasible.

The NMDA receptors are heteromeric complexes consisting of
subunit 1 (NR1) and various NR2 subunits®®. The NR1 subunit is
essential for channel function, whereas the NR2 subunit regulates
channel gating and Mg®" dependency’. In adult forebrain regions
such as the hippocampus and cortex, only NR2A and NR2B
subunits are available to form the receptor complex with NR1
subunit. The recombinant NR1-NR2B complex in vitro shows
longer excitatory postsynaptic potentials (EPSPs) than does the
NRI-NR2A complex®. Increased incorporation of NR2B into the
receptor complex in vivo should allow the NMDA receptors to
increase the time window for detecting synaptic coincidence. NR2B
expression is downregulated during the transition from juvenile to
adult>", correlating with the gradual shortening of the EPSP duration
of the NMDA channel'"">. This could decrease NMDA-mediated
plasticity, and perhaps explain decreased memory performance in
adult animals including songbirds, monkeys and humans'>"*.

To test whether the NR2B subunit is crucial for implementing
Hebb’s rule and gating synaptic plasticity and memory, we over-
expressed the NR2B subunit postnatally in the mouse forebrain
using the CaM-kinase-II promoter'® (Fig. 1a). Of seven lines
produced, we report here results from two independent lines (Tg-
1 and Tg-2) that we have systematically analysed. They show similar
expression patterns and levels of NR2B, and nearly identical
electrophysiological and behavioural phenotypes.

These transgenic animals, named Doogie, show normal growth
and body weights and mate normally. Their open-field behaviour is
indistinguishable from that of wild-type littermates, and we
observed no seizure or convulsion in transgenic animals. As our
northern blot analysis indicates, NR2B transgene expression is
enriched in the cortex and hippocampus, with little expression in
the thalamus, brainstem and cerebellum (Fig. 1b). Western blot
analysis showed about twice as much NR2B protein in the cortex
and hippocampus of transgenic mice as in the wild type (Fig. 1c).
There is also a slight increase in NR1 protein, but no change in
NR2A expression in these regions (Fig. 1¢). This indicates that both
the ratio of NR2B to NR2A in the receptor complex and the total
number of NMDA receptors may be increased. We investigated the
transgene’s anatomical distribution using in situ hybridization and
found that the transgene was highly enriched in the cortex, striatum,
hippocampus and amygdala (Fig. 1d). Light microscopy showed no
gross structural abnormalities in the transgenic animals (Fig. le, f).
The shapes and architecture of dendritic spins in the hippocampus
and cortex are also normal (Fig. 1g).

To evaluate the elementary properties of the NMDA receptors in
single synapses, we used a single-bouton recording technique.
Using FM 1-43 dye to label functional synaptic sites in cultured
hippocampal neurons, we positioned the tip of an iontophoretic
electrode containing 150 mM glutamate next to a relatively isolated
synapse (Fig. 2a) and applied glutamate to determine the functional
properties of glutamate receptors located in that synapse.
Glutamate-evoked responses consisted of either AMPA (a-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid) current alone or
both AMPA and NMDA currents, depending on the cell potential.
The NMDA component was identified by its J-shaped current—
voltage relationship and long decay time (Fig. 2b). NMDA currents
were isolated by clamping the cells to +40 mV to remove the voltage-
dependent Mg®" block. Initial experiments were carried out with
5 wM DNQX in the bath solution to block AMPA receptors, but we
subsequently omitted the antagonist because NMDA current could
clearly be isolated from AMPA current based on their respective
time courses. All the experiments were conducted in blind fashion.

We first determined the glutamate dose—response curve of the
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synaptic NMDA receptors (an index of the glutamate affinity of the
NMDA receptor) and its voltage-dependent Mg** block, and found
no difference between the two groups of mice (data not shown). As
the recombinant NR2B subunit determines the decay phase of
NMDA currents in vitro®, we next measured the NMDA-channel
decay time for currents evoked by a saturating dose of glutamate
(100 nA of iontophoretic current, as determined from the dose—
response relationship) in both transgenic and wild-type neurons.
Although we found no difference in decay time at day 10 or 14 in
vitro, the decay time of the NMDA currents from transgenic
neurons at day 18 was 1.8-fold longer than that of wild-type
neurons (Fig. 2¢, inset and Fig. 2e; P < 0.005). In addition,
transgenic neurons retained the juvenile-like, single-synapse peak
NMDA-current amplitude over time in culture. This is in contrast
to that of wild-type neurons, which decreased significantly by day 18
in vitro (Fig. 2d, significance between NR2B (n = 18) and wild type
(n = 8), P <0.01; significance between day 14 (n = 8) and day 18
(n=8) for wild type, P <0.01). This indicates that the total
number of NR2B-containing NMDA receptors per single synapse
is also increased in transgenic neurons at this stage. These age-
dependent changes in channel decay time and peak amplitude are
consistent with the in vivo observation that the NR2B transgene
messenger RNA was detectable but low at postnatal day 14 (P14),
and gradually increased to steady level about one week later (data
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Figure 1 Construction and biochemical characterization of transgenic NR2B mice. a, The
construct pJT-NR2B for production of NR2B transgenic mice. kb, kilobases.

b, Expression of NR2B transgene mRNA in transgenic mice. Lane 1, cortex/striatum/
amygdala; lane 2, hippocampus; lane 3, brain stem and thalamus; lane 4, cerebellum.
¢, Synaptic NMDA-receptor protein in hippocampus (HP) and cortex (CTX) in both
transgenic lines (Tg-1 and Tg-2) and wild-type (WT). The same immunoblot was used for
blotting with antibodies against NR1 (relative molecular mass 120K), NR2A (170K) and
NR2B (180K). d, Forebrain-specific expression of NR2B transgene revealed by in situ
hybridization. CTX, cortex; STM, striatum; HP, hippocampus; AMG, amygdala. e, Normal
brain morphology in transgenic mice (Niss! staining). f, Higher magnification of the NissI-
stained transgenic hippocampus. DG, dentate gyrus; CA1 and CA3 are marked. g, Golgi
staining of the dendritic spines of CA1 cells from wild-type (left) and transgenic mice
(right). Scale bar, 5 wm.
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not shown).

The prolonged decay time and the maintenance of a large single-
synapse peak amplitude should result in increased charge transfer
through the synaptic NMDA-receptor channel. We calculated the
total amount of charge transfer associated with the activation of the
NMDA receptors at a single synapse by integrating the area under
the recorded current curve between the time of glutamate applica-
tion and 400 ms later. The results clearly indicate that, at day 18 in
vitro, the total charge transfer through single-synapse NMDA
receptors was about 4-fold larger in transgenic mice than in controls
(2.5 £0.7pC (n = 8) in wild-type versus 9.8 = 1.7 pC (n = 18) in
NR2B mice, P < 0.001; Fig. 2f). Therefore, overexpression of the
NR2B transgene results in prolonged opening of the NMDA
receptors for detecting coincidence and enhanced NMDA activation
in individual synapses, thus retaining several features of juvenile
NMDA-receptor properties.

As blockade of the NMDA receptors prevents the induction of
major forms of plasticity such as long-term potentiation and long-
term depression (LTP and LTD)>’, we examined whether the
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increased window for coincidence detection by NMDA receptors
leads to enhanced synaptic plasticity in the CAl region of the
hippocampus. Using hippocampal slices prepared from 4-6-
month-old animals, we first measured (in blind fashion) NMDA-
mediated field EPSPs in both adult wild-type and transgenic mice in
the Schaffer collateral CA1 path. NMDA receptor-mediated EPSPs
were isolated in the presence of 10 uM CNQX and 0.1 mM Mg*".
NMDA-receptor-mediated field EPSPs in transgenic mice were
significantly greater than those in wild-type mice, indicating that
the overexpression of NR2B enhanced NMDA-receptor-mediated
field responses (Fig. 3b). In addition, we confirmed that the
observed synaptic responses were NMDA-receptor-dependent by
showing that they were sensitive to the NMDA-receptor antagonist
D(-)-amino-7-phosphonovaleric acid (AP5; 100 uM; n = 3; data
not shown).

We then studied AMPA-receptor-mediated responses and found
no difference in AMPA-mediated field EPSPs between transgenic
mice (n = 62 slices/14 mice) and their wild-type littermates
(n = 50 slices/16 mice, data not shown). Furthermore, paired-
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Figure 2 Developmental changes in NMDA current at single synapse. a, Confocal image
of a dendrite with single synapses marked by FM 1-43 (green). The iontophoretic
electrode on the right (out of the focal plan) was brought into close proximity to the FM spot
to deliver glutamate (1 ms). b, Representative example of a current—voltage relationship
of glutamate-evoked response from a single synapse from a wild-type neuron. At—80 to —
40mV, only non-NMDA current was observed, whereas at more positive potentials both
non-NMDA (peak current typically observed at 3 ms after application) and NMDA current
(peak current measured 30—40 ms after application) were recorded. The proportion of
NMDA current evoked displays a typical ‘J’ shaped /-V relation (black circles) whereas
non-NMDA current varies linearly with the membrane potential (open circles).
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¢, Representative examples of NMDA currents at +40 mV recorded from WT (light trace)
and transgenic mice (dark trace) at days 10, 14 and 18 in vitro, respectively. Insets display
the same traces, normalized and expressed as a semi-log plot to emphasize the decay
portion of NMDA currents. A single exponential, which provided excellent fits, was used to
assess the decay time 7 and values for the representative traces are indicated.

d—f, Averaged values for peak amplitude, decay time and charge transfer of NMDA
currents, respectively. Each point represents mean * s.e.m. of 8—18 experiments
obtained from 18 synapses on 13 neurons from 6 wild-type mice and 31 synapses on 19
neurons derived from 9 transgenic (Tg-1 and Tg-2 mice). Asterisks, significance between
WT and transgenic mice (P < 0.01, 2-tailed unpaired Student’s ttest).
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pulse facilitation (PPF), which gives an indication of presynaptic
function, was similar in transgenic (n = 11 slices/7 mice) and wild-
type hippocampal slices (n = 7 slices/5 mice) (Fig. 3a). These
results indicate that both presynaptic function and postsynaptic
AMPA receptors are normal in transgenic animals.

To assess bidirectional synaptic plasticity in the 1-100 Hz range'®,
we conducted a series of LTP/LTD experiments in the Schaffer
collateral CA1 pathway in blind fashion. A single tetanic stimulation
(100 Hz, 1 s) typically evoked smaller but reliable potentiation in 4—
6-month-old control slices in comparison to that evoked in younger
adult slices. However, the same stimulus evoked significantly
larger potentiation in transgenic slices (Fig. 3¢; transgenic, n =9
slices/6 mice; wild-type, n = 10 slices/8 mice). The enhancement
of potentiation was not due to changes in inhibitory GABA (y-
aminobutyric acid)-mediated mechanisms as it was also observed
in the presence of 100 wM picrotoxin (transgenic, n = 4 slices/
3 mice, mean 241.1 * 48.2%; wild-type, n =5 slices/5 mice,
mean 140.3 * 19.1%; P < 0.05 compared to transgenic mice).
Moreover, the enhanced LTP was completely blocked by AP5

a b

f?’? 200 = 0.8

g E 06

3 150 g E

£ g 04 i 1 g

; 100 —---mmmmmmmm T "’é 0.2 E o 3

£ 3 oo 1 2

e 50— T T g 00, T T 1
0 100 200 300 400 u 00 04 08 12

Interpulse interval (ms) Fibre volley (mV)

c Wild-type Transgenic d
—_ Pre 1m!
2 300 Post Eo_n'xls f Pre 300 10 Hz, 1.5 min
5 Post 250 '
< 260
2 200 200
§ 150
o 150
100
%)
o ﬁéﬂl
100 2B W -

g A 100Hz, 15 50
g 50 - T 0 - 1

15 0 15 30 45 -15 0 15 30

Time (min) Time (min)

e f
7 300 250
o
5 250 200
& 200 1Hz, 15 min
3
& 150 — 150
o
% 100 (B 100
o %
w 50
o 50 — —rrm T
i O T T 11 001 01 1 10 100

15 0 15 30 45 A

Time (min) requency (Hz)

Figure 3 Selective enhancement of 10—100-Hz-induced potentiation in transgenic mice.
Tg-1, filled squares; Tg-2, filled triangles; wild-type, open squares. a, Wild-type and
transgenic mouse slices showed no significant difference in PPF of the EPSP at various
interpulse intervals. b, Transgenic slices had larger NMDA-receptor-mediated EPSPs than
wild-type slices. At 1.1 mV fibre volley, the area under the EPSPyypa was 124.8 = 20.6
(mV X msg) in transgenic mice and 31.1 = 5.3 (mV X ms) in controls (P < 0.001).

¢, Tetanic stimulation (100 Hz, 1's) induced significantly more potentiation in transgenic
slices (Tg-1, 9 slices/6 mice; Tg-2, 6 slices/3 mice) than in wild-type slices

(n =10 slices/8 mice); Inset: representative records of the EPSP before (Pre) and 45 min
after (Post) tetanus in a WT (left) and transgenic (right) slice. d, 10-Hz stimulation for
1.5 min produced significant synaptic potentiation in transgenic slices (Tg-1, 5 slices/5
mice; Tg-2, 4 slices/3 mice) but not WT slices (9 slices/9 mice). e, LTD induced by low-
frequency stimulation (1 Hz for 15 min) is similar between WT and transgenic slices.

f, Summary data for synaptic plasticity at different frequencies. For comparisons, results
from our previous study of CA1-specific NR1 knockout mice (open circles, dotted line) is
included.
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(100 wM; data not shown). In addition, in contrast to the normal
fast decay of the field EPSP in control slices during the first 10 min
after tetanic stimulation, there was no decay at all. Instead, it
remained maximally potentiated, a feature resembling the juvenile
LTP observed in postnatal day 15 animals®.

Enhanced long-term potentiation in the transgenic slices was
also observed when we applied prolonged, repetitive stimulation
(10Hz) to the Schaffer—CAl path. Although 10-Hz stimulation
for 1.5min (900 pulses) did not induce reliable synaptic
potentiation in wild-type animals (n = 9 slices/9 mice), it evoked
robust synaptic potentiation in transgenic slices (n =5 slices/
5 mice) (Fig. 3d). However, repetitive stimulation delivered at
5Hz for 3 min (also giving 900 pulses) did not produce significant
synaptic potentiation in either group of mice (transgenic,
n =5 slices/5 mice; mean 96.8 = 20.3%; wild-type, n =5 slices/
5 mice, mean 85.0 = 16.4%).

We then investigated long-lasting synaptic depression induced by
low-stimulation frequency™'®. Stimulation at 1 Hz produced similar
LTD in both wild-type animals (n = 6 slices/6 mice, 76.0 * 9.3%)
and transgenic mice (n = 8 slices/7 mice, 76.8 = 13.6%) (Fig. 3e).
We also examined synaptic depression using another protocol in
which low-frequency stimulation (5Hz, 3 min) was applied 5 min
after strong tetanic stimulation (100 Hz, 2 X 15)*. Again, similar
depression or depotentiation was induced in slices from transgenic
mice (n =4 slices/4 mice; 129.3 = 12.9%) and wild-type mice
(n = 6 slices/6 mice, 111.1 = 14.8%). Figure 3f summarizes our
results, showing that enhanced NMDA-receptor activation in trans-
genic mice results in selective enhancement of long-lasting synaptic
potentiation evoked by stimulation of 10-100 Hz.

How might the selective enhancement of 10-100-Hz LTP
responses contribute to learning and memory? As forebrain neurons
often fire in this frequency range during behavioural experience (for
example, hippocampal neurons fire at 4—12 Hz, known as the 0-
rhythm, whereas various cortical neurons oscillate at 20—60 Hz,
known as the y-frequency), it is possible that the selective enhance-
ment of potentiation by stimuli at =10 Hz in the transgenic mice is
particularly meaningful. The conditional knockout of the NRI1
subunit in the CA1 region leads to complete loss of synaptic changes
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Figure 4 Enhanced novel-object recognition memory in transgenic mice. a, Exploratory
preference in the training session. Dotted line represents performance at chance (50%).
The amount of time spent exploring the two objects was the same for transgenic and wild-
type mice. b, Enhanced exploratory preference in transgenic mice in retention test. Figure
shows the temporary feature of the enhanced long-term memory in the transgenic mice
(Tg-1, n =19; Tg-2, n = 8; WT, n = 14). Data expressed as mean = s.e.m. Single
asterisk, P < 0.05; double asterisk, P < 0.01; post hoc analysis between transgenic
and wild-type mice.
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in the 1-100-Hz frequency range” (Fig. 3f) and impairs perfor-
mance in a spatial water maze. This indicates that a normal
frequency response in this range is essential for learning and
memory. A systematic downward shift (producing LTD) in this
specific range can cause learning impairment'®, whereas an upward
shift (producing LTP) in all frequencies (1-100 Hz) is also deleter-
ious to spatial learning”. These observations indicate the impor-
tance of normal 1-100-Hz responses for learning and memory.

To test whether the selective enhancement of responses to stimuli
at 10—-100 Hz represents an optimal plasticity curve, we conducted
various learning tasks relevant to the forebrain regions. All beha-
vioural experiments were performed with the experimenter blind to
the genotype of each mouse.

We first used the novel-object-recognition task to measure visual
recognition memory, which is evolutionarily conserved in species
including humans and rodents and requires the hippocampus® 2.
To increase the difficulty of this task, we used a 5-min training
protocol (see Methods). During training there was no significant
difference in the amount of the time the mice spent exploring the
two novel objects (as shown by the exploratory preference; Fig. 4a),
indicating that both types of mouse have the same curiosity and
motivation to explore the objects. During the retention test one of
the familiar objects used in the training session was replaced with a
third novel object, and animals were allowed to explore for 5 min.
Both transgenic and wild-type mice exhibited similar preference
towards the novel object at the 1-h retention test (Fig. 4b). This
indicates that all groups were equally able to retain the memory of
the old object for 1 hour. However, when retention tests were
conducted either 1 day or 3 days later (Fig. 4b), both transgenic
lines exhibited much stronger preference for the novel object than
did the wild-type mice (F(2, 38) = 5.448, P < 0.01), indicating that
transgenic mice have better long-term memory. A post hoc analysis
using Dunnett’s test reveals a significant difference between wild-
type and either transgenic line at the 1-day (P < 0.01) or 3-day
retention tests (P < 0.01), but not between the two transgenic lines.
The enhanced long-term memory is therefore independent of the
transgene integration locus. However, by 1 week after training, the
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Figure 5 Enhancement of both contextual and cued fear memory in transgenic mice.
a—c, Contextual conditioning 1 h, 1 day and 10 days after training, respectively.

d—f, Cued fear conditioning 1 h, 1 day and 10 days after training, respectively. Each point
represents data collected from 8—10 mice per group (WT, Tg-1 or Tg-2). The value in
each column represents percentage of freezing rate and is expressed as mean *+ s.e.m.
Asterisk, P < 0.05, post hoc analysis between wild-type and transgenic mice.
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preference shown by transgenic mice also returned to the basal level.

We then assessed two forms of associative emotional memory in
these mice: contextual and cued fear conditioning. Animals learn to
fear either a neutral conditioned stimulus (such as tone) that has
been paired with an aversive unconditioned stimulus (such as a foot
shock) or a context in which the animals were conditioned by the
pairing of conditioned and unconditioned stimuli. Contextual fear
conditioning is hippocampus-dependent, whereas cued fear condi-
tions is hippocampus-independent®. Both these types of fear
conditioning require the activation of NMDA receptors®”?.

Both contextual and cued conditioning were measured at 1h, 1
day and 10 days after training using separate groups of animals. We
first analysed contextual fear memory. Transgenic mice consistently
exhibited much stronger freezing responses (Fig. 5a—c). One-way
analysis of variance (ANOVA) indicated no significant difference in
immediate freezing between wild-type and transgenic mice, but a
significant group difference in contextual freezing is found when
they are tested at 1h (F(2,24) =6.062, P<0.05), 1 day
(F(2,25) =5.223, P<0.05), and 10 days (F(1.18) =4.576,
P < 0.05). Further post hoc analysis reveals the significant difference
between the wild-type and either transgenic line (P < 0.05,
respectively), but not between these two transgenic lines.

As the transgene is also abundantly expressed in the amygdala and
the cortex, we then examined cued fear conditioning. One-way
ANOVA indicated that freezing in response to the tone was also
significantly elevated in transgenic mice compared to that in
controls when tested at 1h (F(2,24) = 4.672, P <0.05), 1 day
(F(2,25)=5.518, P<0.01) or 10 days (F(1.18) = 6.498,
P < 0.05) after training (Fig. 5d—f). A post hoc analysis shows the
significant difference between wild-type and either transgenic line
(P < 0.05, respectively). The enhanced contextual and cued fear
memories in transgenic mice were not due to altered nociceptive
responses, as the minimal amount of current required to elicit three
stereotypical behaviours (flinching/running, jumping and vocalizing)
were similar in wild-type and transgenic mice (data not shown).

We then conducted two experiments to measure emotional
learning using the fear-extinction paradigm®. If animals are repeat-
edly exposed to the context or the conditioned stimulus (tone)
without the unconditioned stimulus (shock), the context or con-
ditioned stimulus will lose its ability to produce fear responses. This
reduction in conditioned fear is known as fear extinction and is
NMDA-dependent®. It is thought to involve the formation of a new
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Figure 6 Transgenic mice exhibit faster learning in fear extinction. a, Faster fear
extinction to contextual environment in transgenic mice. Either wild-type (n = 8) or
transgenic (Tg-1, n = 7; Tg-2, n = 8; data plotted together) mice were given the same
single CS/US pairing training as described in Fig. 5 and were then subjected to five
extinction trials 24 h after training. b, Faster fear extinction to the tone in transgenic mice.
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mean * s.e.m. Asterisk, P < 0.05; double asterisk, P < 0.01; triple asterisk,

P < 0.001, post hoc analysis.
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memory rather than the passive decay or erasure of the original
memory, because the original associations remain intact following
extinction”. We examined fear extinction using a 5-extinction-trial
protocol. When we measured the initial fear response 24 h after
training, transgenic mice again showed much stronger fear
responses than controls in both contextual and cued fear condition-
ing (Fig. 6). However, transgenic mice exhibited much less freezing
during subsequent exposure to either the context or the tone than
did wild-type mice (Fig. 6a, b). A two-way ANOVA indicated that,
although both wild-type and transgenic mice decreased their freez-
ing responses to contextual (F(4, 80) = 86.247, P < 0.001) or cued
extinction (F(4,80) = 78.415, P < 0.001), there was a significant
group difference between transgenic and wild-type mice in con-
textual extinction (F(2,20) = 8.595, P < 0.01) and in cued extinc-
tion (F(2,20) = 7.778, P <0.01). A post hoc analysis revealed a
significant difference in the freezing responses between wild-type
and transgenic mice at the second or third extinction trial in both
contextual conditioning (P < 0.05) and cued conditioning
(P < 0.05). Similar faster fear extinction was also observed if the
experiments were conducted 1h after fear conditioning (data not
shown). Therefore, transgenic mice are quicker to learn to
disassociate the previously paired events.

Finally, we tested spatial learning in transgenic mice using the
hidden-platform water maze, which requires the activation of
NMDA receptors in the hippocampus®™. As shown in Fig. 7, the
latency to escape to the platform in both wild-type and transgenic
mice decreased following the training sessions. However, there was a
significant group difference throughout sessions (F(1,26) = 9.655,
P < 0.01), indicating that spatial learning in transgenic mice was
faster than in wild-type mice. Moreover, a post hoc analysis reveals a
significant difference at the third session (P < 0.05), confirming
better learning in transgenic mice. In addition, enhanced spatial
learning in transgenic mice was also evident in the first transfer test
conducted after the third training session. In comparison with
controls, transgenic mice already exhibited a clear preference for
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Figure 7 Enhanced performance in the hidden-platform water maze task by transgenic
mice. a, Escape latency (mean = s.e.m.) in water maze training (Tg-1, n = 13; wild-

type, n = 15). b, Place preference in the first transfer test conducted at the end of the
third training session. Transgenic mice spent more time in the target quadrant than other
quadrants, whereas control mice did not show any preference for the target quadrant at
this stage. ¢, Place preference in the second transfer test carried out at the end of the sixth
training session. Both transgenic and wild-type mice exhibited strong preference for the
target quadrant where the hidden platform was previously located. Asterisk, P < 0.05,
post hoc analysis in a, and Student’s t-test in b, between transgenic mice and controls.
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the targeted quadrant in which the platform was previously located
(P < 0.05; Student’s t-tests) (Fig. 7b). With additional training,
control mice showed the same preference as transgenic mice, as
measured by either escape latency or place preference in the second
transfer test after the last (sixth) session. Thus, the transgenic mice
perform better than their wild-type littermates in this spatial task.

We have shown that the NMDA receptor does serve as a graded
molecular switch for gating the age-dependent threshold for synap-
tic plasticity and memory formation, thus substantially validating
Hebb’s learning rule. This further demonstrates that NMDA-
dependent modifications of synaptic efficacy represent the unifying
mechanism underlying a variety of associative learning and
memory. Our data further indicate that neural activities at the
10-100 Hz range in the forebrain may be crucial for coding and
storage of learned information. In addition, the identification of
NR2B as a molecular switch in the memory process has indicated a
potential new target for the treatment of learning and memory
disorders. This study also reveals a promising strategy for the
creation of other genetically modified mammals with enhanced
intelligence and memory. O

Methods

For extended methods, see Supplementary Information.

Production and basic characterization of transgenic mice.

The transgenic founders were produced by pronuclear injection of the linearized DNA
into C57B/6 inbred zygotes as described'®, and then intercrossed with B6/CBF1 for various
analyses. F2 wild-type mice on this hybrid background consistently showed excellent
learning. This mating strategy, therefore, sets a high standard for our behavioural
enhancement experiments. For detailed procedures for genotyping, northern blot, western
blot and in situ hybridization, see Supplementary Information.

Hippocampal cell culture and recording.

Primary cultures of hippocampal neurons were prepared from individual neonatal mice
(P1). Whole-cell patch recordings were carried out as described". Recordings were made
with a 200B integrating patch-clamp amplifier (Axon Instruments) with a 1 kHz (8-pole
Bessel) low-pass filter. Data were digitized at 10 kHz using a Digidata 1200B A/D converter
(Axon Instruments). Glutamate currents were evoked by iontophoresis as described"”.
Briefly, following a one minute incubation in the FM 1-43 solution, neurons, continuously
perfused with tyrode, were visualized under confocal microscopy. Following placement of
the iontophoresis electrode, brief (1 ms) glutamate pulses of varied amplitudes were
delivered to an isolated FM-labelled presynaptic bouton.

Hippocampal slice recording.

Transverse slices of the hippocampus from transgenic and wild-type littermates (4—6-
months old) were rapidly prepared and maintained in an interface chamber. A bipolar
tungsten stimulating electrode was placed in the stratum radiatum in the CAI region and
extracellular field potentials were recorded using a glass microelectrode (3—12 M4, filled
with ACSF) also in the stratum radiatum. Test responses were elicited at 0.02 Hz. We also
measured PPF of the response at various interpulse intervals (25—-400 ms). Data are
presented as mean * s.e.m. One-way ANOVA (with Duncan’s multiple range test for post
hoc comparison) and Student’s #-test were used for statistical analysis.

Behavioural tests.

Adult transgenic and wild-type mice (3—6-month-old littermates) were used throughout
all behavioural tests. Unless stated otherwise, ANOVA and post hoc Dunnett’s test were
used to determine genotype effects on the behavioural responses.

Novel object recognition task.

Mice were individually habituated to an open-field box (20 X 20 X 10 high inches) for 3
days. During training sessions, two novel objects were placed into the open field and the
animal was allowed to explore for 5 min. The time spent exploring each object was

recorded. During retention tests, the animals were placed back into the same box, in which
one of the familiar objects used during training was replaced by a novel object, and allowed
to explore freely for 5min. A preference index, a ratio of the amount of time spent

exploring any one of the two objects (training session) or the novel one (retention session)
over the total time spent exploring both objects, was used to measure recognition memory.

Fear conditioning task.

We used a fear conditioning shock chamber (10 X 10 X 15inches high) and TruScan
multi-parameter activity monitors (Coulbourn Instruments). The conditioned stimulus
(CS) used was an 85dB sound at 2,800 Hz, and the unconditioned stimulus (US) was a
continuous scrambled foot shock at 0.75 mA. After the CS/US pairing, the mice were
allowed to stay in the chamber for another 30 s for measurement of immediate freezing.
During the retention test, each mouse was placed back into the shock chamber and the
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freezing response was recorded for 3 min (contextual conditioning). Subsequently, the
mice were put into a novel chamber and monitored for 3 min before the onset of the tone
(pre-CS). Immediately after that, a tone identical to the CS was delivered for 3 min and
freezing responses were recorded (cued conditioning).

Fear extinction experiment.

Twenty-four hours after training, the mice were given the first extinction trial. Each
extinction trial consisted of contextual and cued extinction. The mice were first put
individually into the shock chamber and observed for 3 min in the absence of the US to
measure contextual extinction. Then, the mice were transferred into a novel box for
measurement of the pre-CS response for 3 min (in the absence of the tone), and
subsequently of cued conditioning for 3 min in the presence of the training tone.
Following this, the same four extinction trials were given at 2-h intervals and freezing
responses were recorded.

Water maze task.

The water-maze apparatus is a circular pool (1.2 m in diameter). The procedure was
essentially as described”. The training protocol consisted of six sessions (4 trials per
session per day). The navigation of the mice was tracked by a videocamera, and the escape
latency to the platform was recorded. In addition, we carried out two transfer tests. The
first was done at the end of the third session and the second at the end of the last session.
During the transfer test, the platform was removed and the mice were allowed to swim in
the pool for 60 s. The time spent in each quadrant was recorded. Student’s t-test was used
to determine genotype effect on the spatial preference.
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Growing axons are guided by both diffusible and substrate-bound
factors'. Growth cones of retinal neurons exhibit chemo-
attractive turning towards the diffusible factor netrin-1 in vitro*
and are guided into the optic nerve head (ONH) by localized
netrin-1 (ref. 5). Here we report that, in Xenopus, laminin-1 from
the extracellular matrix (ECM), converts netrin-mediated attrac-
tion into repulsion. A soluble peptide fragment of laminin-1
(YIGSR) mimics this laminin-induced conversion. Low levels of
cyclic AMP in growth cones also lead to the conversion of netrin-
induced attraction into repulsion®, and we show that the amount
of cAMP decreases in the presence of laminin-1 or YIGSR,
suggesting a possible mechanism for laminin’s effect. At the
netrin-1-rich ONH, where axons turn sharply to leave the eye,
laminin-1 is confined to the retinal surface. Repulsion from the
region in which laminin and netrin are coexpressed may help to
drive axons into the region where only netrin is present, providing
a mechanism for their escape from the retinal surface. Consistent
with this idea, YIGSR peptides applied to the developing retina
cause axons to be misdirected at the ONH. These findings indicate
that ECM molecules not only promote axon outgrowth, but also
modify the behaviour of growth cones in response to diffusible
guidance cues.

The finding that growth cones rapidly turn away from netrin-1
when little cytosolic cAMP is present® suggested that coincident
signals impinging on the same intracellular signalling pathway can
influence the behaviour of growth cones in vivo as they navigate
complex terrains. Because laminin-1 is abundant in the developing
optic pathway and can promote axon outgrowth from retinal
neurons’™’, we investigated whether it can act as a coincident
regulator of netrin-1-guided growth. When grown on glass, poly-
D-lysine or fibronectin, Xenopus retinal growth cones consistently
showed attractive turning in the presence of a netrin-1 gradient
(Fig. 1la—d), mediated by the receptor Deleted in colorectal cancer
(DCC)*. In contrast, when plated on poly-p-lysine coated with a low
concentration of laminin-1 (1 pg ml™), retinal axons showed het-
erogeneous responses to the netrin-1 gradient, composed of either
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