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We examined the learning and memory of neurotrophin-4
(NT4)2y2 mice by using fear conditioning. In both cue and context
conditioning, we found significant deficits in the NT4 mutants at 2
and 24 h after training but not at 30 min. Hippocampal slices from
the mutant mice showed normal basal synaptic transmission,
short-term plasticity, and decremental long-term potentiation
(LTP) at the Schaffer collateral-CA1 synapses. These findings, to-
gether with the normal short-term memory, suggest that the
hippocampal development of NT42y2 mice is largely unaffected.
However, consistent with the long-term memory defects, the
long-lasting LTP at the same synapses was attenuated significantly
in the mutant mice. Our results suggest that NT4 plays a physio-
logical role essential for hippocampus- and amygdala-dependent
long-term memory and hippocampal long-lasting LTP and that NT4
may be useful in the therapy of acquired disorders of learning and
memory.

In mammals, nerve growth factor (NGF), brain-derived neu-
rotrophic factor (BDNF), neurotrophin-3 (NT3), and neuro-

trophin-4 (NT4) are a family of structurally related neurotrophic
factors (1–8). Neurotrophins exert their functions through two
types of receptors, the trks and p75. The trks are a family of
receptor tyrosine kinases (9–11), and trkB is the main receptor
for BDNF and NT4 (5, 6, 12–14). All four neurotrophins are
ligands for p75, a neurotrophin receptor that does not have
kinase activity and belongs to the tumor necrosis factor receptor
super family (15, 16).

There is increasing evidence that suggests that neurotrophins
play a functional role in regulating synaptic plasticity (17–20). It
was first found that BDNF and NT3 can cause a rapid, but
reversible, increase in the frequency of miniature excitatory
postsynaptic currents at neuromuscular synapses in culture (21).
Since then, various studies have shown that exogenous neuro-
trophins facilitate synaptic function in nerve-muscle synapses
(22, 23), cultured hippocampal neurons (24–26), and hippocam-
pal slices (27, 28). Lack of BDNF severely impairs decremental
long-term potentiation (D-LTP; refs. 29 and 30) and fully
compromises the long-lasting LTP (L-LTP; ref. 31) in the
hippocampus. Similar results were obtained from experiments
with anti-trkB antibody or trkB-IgG to block trkB function (28,
31, 32). A recent study showed that NT31y2 mice are deficient
in short-term plasticity but not LTP at lateral perforant path-
dentate granule cell synapses (33). Strong evidence comes from
the studies of Patterson et al. (30) and Korte et al. (34). They
showed that recombinant BDNF or virus-mediated BDNF ex-
pression can quickly rescue impaired LTP in BDNF2y2 hip-
pocampal slices (30, 34). These experiments argue that neuro-
trophins play a direct and acute role in synaptic plasticity.

Studies focused on adult animals found that intracerebroven-
tricular infusion of NGF, NT3, and NT4 can improve age-related
declines in spatial memory (35, 36). Cerebral cortex injection of
anti-NGF antibody led to learning and memory impairment (37).
Intrahippocampal infusion of BDNF induces lasting potentiation

of synaptic transmission in the rat dentate gyrus (38). These
experiments are consistent with the in vitro studies and suggest
that neurotrophins play a functional role in synaptic plasticity. It
has been difficult to assess the function of neurotrophins genet-
ically in the adult animal, because targeted gene disruption of
NGF, BDNF, NT3, and trks leads to postnatal lethality (10, 39,
40). However, mice carrying a targeted disruption in a single
copy of these genes are viable. It was found recently that
BDNF1y2 mice have a modest deficit in spatial learning but not
memory retention (41). Interestingly, BDNF1y2 and
BDNF2y2 mice have very similar LTP phenotypes (29, 30).
However, BDNF1y2 mice do not have detectable neuronal loss,
whereas BDNF2y2 mice have severe peripheral nervous system
deficits (42, 43). It was also found that NGF1y2 mice display
significant deficits in memory acquisition and retention as well
as basal forebrain cholinergic neuron reduction; a long infusion
of NGF into the lateral ventricle of these mice abolished the
deficits in spatial memory but not the neuronal loss (44). These
studies suggest that the memory and LTP phenotypes in neu-
rotrophin mutant mice may be independent from neuronal loss.

NT4 is the last mammalian neurotrophin identified, and it is
expressed in many regions of the brain (5, 6). NT4 enhances
glutamatergic synaptic transmission in cultured hippocampal
neurons (24). Overexpression of NT4 in the myocytes of a
Xenopus nerve-muscle cultures causes a higher level of sponta-
neous synaptic activity and enhances evoked synaptic transmis-
sion (23). However, it is not known whether NT4 plays a role in
learning and memory or hippocampal LTP formation. Targeted
deletion of the NT4 gene in mice results in a homozygous viable
mouse strain that does not show any overt phenotype except
neuronal reductions in two peripheral ganglia, nodose and
geniculate ganglia, where visceral and facial sensory neurons are
located (45, 46). Because NT42y2 mice are the only viable
strain of neurotrophin knockouts and are without overt mor-
phological and physiological phenotypes, these animals are
particularly suitable for studies of the physiological functions of
neurotrophins in adult animals. In the present study, we have
explored the role of NT4 in memory and hippocampal LTP
formation. We demonstrate that NT42y2 mice have deficits in
long-term memory and hippocampal L-LTP but are normal in
short term-memory and hippocampal D-LTP.
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Materials and Methods
Mice. Both wild-type (wt) and NT42y2 mice used in the
experiments were 129ysvJ inbred mice. NT42y2 mice were
identified by Southern blot analysis of tail DNA samples. All
experiments were done with 5- to 8-month-old male mice that
were kept in a 12-h:12-h light:dark cycle. Tests were always
conducted during the light phase of the cycle. The mouse facility
at University of California, Los Angeles, is fully accredited by the
American Association for the Accreditation of Laboratory An-
imal Care. Mice were maintained in accordance with the Animal
Welfare Act and the Department of Health and Human Services
guide.

Nociception Tests. A 1-s continuous electrical shock of increasing
intensity was given to mice in the conditioning chamber (de-
scribed in the following section). An interval of 10 s was given
between shocks. The sequence of currents used in the test was
as follows: 0.05 mA, 0.1 mA, 0.15 mA, 0.2 mA, 0.25 mA, 0.3 mA,
0.35 mA, 0.4 mA, 0.45 mA, and 0.5 mA. The levels of currents
that elicit f linch, jumpyrun, and vocalization for each mouse
were recorded. The tests were done in a blind fashion.

Fear Conditioning. The mice were first put through a training trial
in which each animal was placed in a conditioning chamber
(context) for 2 min before the onset of a discrete tone (the
conditioned stimulus or CS). The tone lasted for 30 s, and at the
end of the sound, a 2-s continuous electrical foot shock (0.75
mA) was given to the mouse. The mouse stayed in the chamber
for another 30 s after the shock before it was sent back to its
home cage. Freezing frequency was recorded at 5-s intervals for
the whole training session. The conditioning chamber is con-
nected to a master shocker (Germini Shocker, San Diego
Instruments). Each group consisted of eight NT42y2 and eight
wt age-matched male mice.

For contextual conditioning, mice were tested at 30 min, 2 h,
and 24 h after the training trial. Each mouse was placed in the
conditioning chamber where it had been trained and was ana-
lyzed by consecutively measuring the freezing response over a
5-min period. Complete immobility (except for respiratory
movement) over a 5-s interval was scored as ‘‘freezing.’’

For cue conditioning, mice were tested at 30 min, 2 h, and 24 h
after the training trial. Each mouse was placed in a different
chamber for 3 min and then exposed to a CS identical to the one
to which it had been exposed in the training trial. The CS lasted
for 3 min. The freezing responses over the entire 6 min were
measured and recorded. All investigations were done in a
blinded fashion.

Electrophysiology. Transverse hippocampal slices 500-mm-thick
were prepared from adult male NT42y2 mice or age-matched
wt mice (5–8 months old). Slices were kept in oxygenated
artificial cerebrospinal f luid (ACSF) in a holding chamber for at
least 1 h and then transferred to a submerged chamber for
recording while being perfused continuously with warm ACSF
(30 6 1°C) at a flow rate of 2–3 mlymin. The composition of the
ACSF was (in mM): NaCl, 120; NaHCO3, 25; KCl, 3.3;
NaH2PO4, 1.23; CaCl2, 1.8; MgSO4, 1.2; and D-glucose, 10 (pH
7.4). Schaffer collateral fibers were stimulated by constant
stimulus pulses (0.1 ms; 30–400 mA) delivered through a sharp-
ened monopolar tungsten electrode placed in the stratum ra-
diatum layer of area CA1. Evoked field excitatory postsynaptic
potentials (fEPSPs) were recorded extracellularly from the same
layer with a glass electrode filled with 2 M NaCl. At the
beginning of each experiment, a synaptic input–output curve was
generated by plotting fEPSP slopes vs. their corresponding
presynaptic fiber volley sizes, elicited at different stimulus in-
tensities. Slices that showed maximal fEPSP sizes ,3 mV were

rejected. Test pulses that evoked 40–50% of the maximal fEPSP
slope were then applied once per minute for baseline collection.
In some experiments, paired pulses were applied at various
interpulse intervals with test pulse intensity, and resulting
paired-pulse facilitation (PPF) was calculated as percentages of
increase of the initial slope of the second fEPSP compared with
that of the first fEPSP.

A single high-frequency stimulus train (100 Hz; 1 s) was
applied at the test pulse intensity to induce the D-LTP, whereas
the L-LTP was elicited by four consecutive 100-Hz trains with
5-min intertrain intervals. The test pulses, as used for baseline
collection, were resumed immediately after the tetanization to
monitor the changes in fEPSP. The amount of LTP was ex-
pressed as percentages of increase in the slope of fEPSPs relative
to the baseline.

Data Analysis. For electrophysiological data, recorded signals
were digitized and stored on computer disks for off-line analysis.
The group data were expressed as means 6 SEM and subjected
to a one-way ANOVA to test for overall statistical significance.
Comparison between groups was made by Student’s t test.
Statistical significance was defined as P , 0.05.

Results
Significant Memory Retention Deficits of NT42y2 Mice in Fear
Conditioning. To examine the role of NT4 in learning and
memory, we focused on a fear-conditioning test (47, 48). Our
NT42y2 and wt control mice do not perform well in the water
maze test, because they are inbred 129ySvJ mice; it is known that
129ySvJ mice perform poorly in the water maze test but are
highly suitable for the fear-conditioning test (49). Fear condi-
tioning is based on the ability of normal animals to learn to fear
a previously neutral stimulus, the CS, because of its temporal
association with an aversive stimulus, such as a foot shock. When
exposed to the CS, conditioned animals tend to refrain from all
but respiratory movement, a response known as freezing. We
used two types of CS: an audible tone for cue-dependent fear
conditioning and an environmental context for context-
dependent conditioning (50, 51). Quantitation is provided by the
percentage of time spent freezing. Cued conditioning depends
on the amygdala, whereas contextual conditioning requires
correct functioning of both hippocampus and amygdala (48, 51).
By using fear conditioning, robust learning can be accomplished
in a 3-min trial.

Fig. 1A shows the results of a typical training trial. There was
no significant difference in freezing between the mutant and wt
mice after the shock (P 5 0.31), and both groups showed
significantly increased freezing time during the training (P ,
0.001). For the contextual conditioning experiment, we divided
mice into three groups and tested the animals at 30 min, 2 h, and
24 h after a single training trial. The freezing levels of NT42y2
and wt mice were indistinguishable 30 min after training (Fig. 1B;
P 5 0.12). Both groups displayed freezing for about 30% of the
5-min testing period. These data show that NT42y2 mice can be
conditioned contextually and that the memory is retained for at
least 30 min. However, there were significant differences be-
tween NT42y2 and wt mice at 2 and 24 h after training (Fig. 1
C and D). At 2 h after training, the average level of freezing of
wt mice was 29%, and that of the NT42y2mice was 14% (P ,
0.0001). An even stronger difference was detected 24 h after
training, with wt showing 44% freezing and NT2y2 showing
15% (P , 0.0001). These data indicate that NT42y2 mice can
learn and remember for a short period after contextual condi-
tioning, but between 30 min and 2 h, they loose the memory
acquired during the training.

In the cued conditioning test, another three groups of
NT42y2 and wt mice were placed in a different chamber at 30
min, 2 h, and 24 h after a single training trial. After 3 min, the
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same audible tone (CS) previously paired with the foot shock
during training was given, and the freezing time was recorded
(Fig. 2 A–C). Again, there was no significant difference between
mutant and wt mice 30 min after the training trial (Fig. 2 A), with
both sets of animals showing significantly increased freezing
caused by the CS (P , 0.001 for both). At 2 h after training (Fig.
2B), there was no difference between mutant and wt mice before
CS (P 5 0.31) and a significant difference during CS (P 5 0.027).
At 24 h after training (Fig. 2C), these differences were more
pronounced (P 5 0.021 before CS; P 5 0.004 during CS).
Consistent with the contextual conditioning data, these results
again show that the NT42y2 mice have a deficit in long-term
but not short-term memory.

Sensitivity to Foot Shock Is Normal in NT42y2 Mice. An important
control is to examine whether NT42y2 mice have altered
nociceptive reaction to shock, because changes in pain sensitivity
can affect conditioning (52). For both NT42y2 and wt mice, we
determined the threshold current to elicit the three progressive
reactions to increasing electrical foot shock: f linch, jumpyrun,
and vocalization. Fig. 3 shows that there were no differences
between NT42y2 and wt mice in current levels required to elicit
f linch and jumpyrun. The level of current required to cause vocal
responses from NT42y2 mice was lower than that of wt mice
and tended toward but did not reach statistical significance (P 5
0.051). These data indicate that pain sensitivity and the physical
responses to pain, including motor performance and vocaliza-
tion, are not impaired in the NT4 knockout mice and cannot
account for the abnormal performance in fear conditioning.

Taken together, our behavioral analyses of NT42y2 mice
indicate that NT4 is required for long-term memory retention
involving hippocampus and amygdala.

Normal Basal Synaptic Transmission and Short-Term Plasticity in
NT42y2 Mice. To study the function of NT4 further, electrophys-
iological analysis was performed in hippocampal slices. We first
examined basal excitatory transmission in area CA1 of the
hippocampus by using field potential recordings. No marked
difference in the input–output coupling during Schaffer collat-
eral stimulation was observed between slices from mutant and wt
mice (Fig. 4A). The ratio of fEPSP slopes to presynaptic fiber
volley sizes, determined at 50% maximum slope level, was 1.90 6
0.26 ms21 in NT42y2 mice (n 5 13 slices; eight mice), which was
not significantly different from that in wt (1.67 6 0.24 ms21; n 5
9 slices; eight mice; P 5 0.38).

We next examined PPF, a short-term synaptic plasticity caused
by presynaptic enhancement of neurotransmission (ref. 53; Fig.
4B). At interpulse intervals of 25, 50, 100, and 200 ms, the PPF
of fEPSP slopes in NT42y2 mice was 40 6 6%, 39 6 7%, 32 6
5%, and 24 6 5%, respectively (n 5 9 slices; six mice). These
results were not significantly different from the PPF in wt mice:
47 6 10%, 49 6 7%, 33 6 8%, and 22 6 6% at corresponding
interpulse intervals (n 5 9 slices; six mice; P . 0.30 for all
comparisons). Thus, neither basal synaptic function nor short-
term synaptic plasticity seemed significantly perturbed at the
Schaffer collateral-CA1 synapses of NT4 mutant mice.

Impaired Hippocampal L-LTP but Not D-LTP in NT42y2 Mice. The role
of NT4 in long-term synaptic plasticity was investigated by using

Fig. 1. Contextual conditioning with a single training trial. (A) The freezing of one group of NT42y2 (n 5 8) and wt (n 5 8) mice during training. The solid
line indicates the duration of the tone (CS). The arrow indicates the 2-s foot shock. ANOVA showed no significant difference between NT42y2 and wt mice (P 5
0.31). The freezing responses of all other groups of mice for both context and cue conditioning tests are very similar to what is shown in A. (B–D) Three separate
groups of NT42y2 and wt mice were tested for contextual conditioning at 30 min (B), 2 h (C), and 24 h (D) after training. ANOVA showed highly statistically
significant differences between NT42y2 and wt mice at 2 and 24 h (P , 0.0001) but no significant difference at 30 min (P 5 0.12).

Fig. 2. Cue conditioning with a single training trial. (A–C) Three groups of NT42y2 and wt mice were tested for cued conditioning at 30 min (A), 2 h (B), and
24 h (C) after training. Similar to contextual conditioning, ANOVA showed statistically significant differences between NT42y2 and wt mice at 2 h (P 5 0.027)
and 24 h (P 5 0.004) but no significant difference at 30 min (P 5 0.42).

8118 u www.pnas.org Xie et al.



two different high-frequency stimulation paradigms. First, a
single high-frequency stimulation (100 Hz; 1 s) was applied to
induce the D-LTP at CA1 synapses. As shown in Fig. 5A, the
D-LTP of knockouts was not significantly different from that of
the wt mice. The potentiation immediately, 30 min, and 60 min
posttetanus was 174 6 14%, 152 6 7%, and 150 6 8% of the

baseline for wt (n 5 12 slices; 10 mice) and 189 6 18%, 150 6
9%, and 144 6 11% of the baseline for mutants (n 5 11 slices;
8 mice), respectively (P . 0.05 for all comparisons).

Another stimulation paradigm, consisting of four consecutive
high-frequency trains (100 Hz; 1 s) with 5-min intertrain inter-
vals, was applied to induce L-LTP at CA1 synapses. As demon-
strated in Fig. 5B, the wt mice (n 5 8 slices; six mice) showed
robust and lasting LTP over a period of 3 h: 232 6 17%, 218 6
14%, 190 6 10%, and 172 6 12% at 30, 60, 120, and 180 min
posttetanus, respectively. In contrast, the mutant mice (n 5 7
slices; seven mice) displayed a reduced and continuously decay-
ing potentiation after receiving the same tetanization. The
corresponding LTP values for mutant mice were 176 6 8%,
167 6 4%, 136 6 6%, and 112 6 7%, significantly lower than
those for the wt (P , 0.05 for all comparisons). These results
show that NT4 mutation selectively impairs L-LTP but not
D-LTP in area CA1. The observation that D-LTP induced by
one stimulus train is not significantly altered in NT42y2 mice,
whereas the early component of L-LTP is reduced, supports the

Fig. 3. Sensitivity to foot shock in NT42y2 and wt type mice. The sensitivity
to foot shock was determined by assessing the amount of current required to
elicit three stereotypical responses in NT42y2 and wt mice. Eight mice of each
genotype were tested, and there was no difference between NT42y2 and wt
type mice (P . 0.25). The level of current required to cause vocal responses
from NT42y2 mice was lower than that of wt mice but did not reach statistical
significance (P 5 0.051).

Fig. 4. Basal synaptic transmission and PPF are normal in area CA1 of
hippocampal slices from NT42y2 mice. (A) The scatter plot of fEPSP slopes vs.
fiber volley amplitudes during Schaffer collateral stimulation. No marked
difference was shown in the distribution of values obtained from mutants (n 5
13 slices; eight mice) and wt mice (n 5 9 slices; eight mice). (B) PPF was
calculated as percentage of increase of the second fEPSP slope from the first
one. No significant difference was detected between the mutants and wt mice
for the facilitation measured at indicated interpulse intervals (n 5 9 slices; six
mice for each group; P . 0.30 for all comparisons).

Fig. 5. NT4 mutation attenuates the L-LTP but not D-LTP in area CA1. (A)
D-LTP induced by single high-frequency stimulation (HFS; 100 Hz; 1 s). No
significant difference was observed between the wt (n 5 12 slices; 10 mice) and
mutant mice (n 5 11 slices; 8 mice) at all time points tested. (B) L-LTP induced
by four stimulus trains (100 Hz; 1 s) at 5-min intervals. Note the wt mice (n 5
8 slices; six mice) showed robust and lasting LTP over a period of 3 h. In
contrast, the mutant mice (n 5 7 slices; seven mice) displayed a continuously
decaying potentiation after receiving the same tetanization (P , 0.05 for all
time points tested). (Insets) Sample fEPSP traces recorded from area CA1 of wt
and mutant slices before and 3 h after four stimulus trains. (Bars 5 2 mV and
10 ms.)
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notion that L-LTP recruits signaling pathways distinct from
those for D-LTP immediately after tetanization (54) and sug-
gests that NT4 signaling is essential for the expression of normal
L-LTP.

Discussion
Using fear conditioning, we demonstrate herein that lack of
endogenous NT4 severely hampers the hippocampus- and amyg-
dala-dependent long-term memory (2 h and 24 h) but does not
affect the learning and short-term memory (30 min) in inbred
129ySvJ mice. Our electrophysiological analysis shows that, in
the hippocampal CA1 region of adult NT42y2 mice, basal
synaptic transmission, PPF, and D-LTP are normal, but the
L-LTP is impaired significantly. These data suggest that NT4
plays an essential role in the formation of long-term memory and
underlying long-term synaptic plasticity of adult brain. A critical
aspect of our data is that NT4 deficiency selectively impairs
long-term memory and L-LTP in the hippocampus of adult mice,
suggesting that the observed deficits are likely to be functional
rather than developmental. In addition, our control experiments
show that the behavioral deficits of NT42y2 mice are not due
to motor, sensory, motivational, or attention abnormalities.

NT4 Deficiency Disrupts Memory Consolidation in Hippocampus and
Amygdala. Amygdala and hippocampus have been shown to be
the key brain regions underlying fear conditioning (51, 55).
Although high concentrations of neurotrophins (56) are present
in amygdala, their function has not been addressed previously.
The present study demonstrates deficits in the long-term mem-
ory for both contextual and auditory fear conditioning in NT4
mutants, indicating that NT4 deficiency could disrupt memory
consolidation in both hippocampus and amygdala. Thus, our
data provide evidence for involvement of the neurotrophin in
amygdala-dependent memory.

It is possible that endogenous NT4 is critically involved in
activity-dependent, associative long-term synaptic plasticity
in fear-conditioning circuits. If the associative plasticity occurs in
brain structures afferent to the amygdala such as the hippocam-
pus, attenuation of hippocampal L-LTP, which weakens the
hippocampal output to the amygdala, could be attributed to
the deficits in contextual fear conditioning seen in NT4 mutants.
The concurrent deficits in both contextual and auditory fear
conditioning in NT42y2 mice suggest that the synaptic plasticity
within the amygdala is likely to be altered by NT4 deficiency as
well. Considerable progress has been made in recent years with
regards to the relationship between fear conditioning and long-
term synaptic plasticity in the amygdala. It has been shown that
LTP can be induced in the basolateral amygdala in vivo by
high-frequency stimulation of excitatory afferent from hip-
pocampus (57). LTP induction in the MG-LA (lateral nucleus of
amygdala) pathway enhances auditory conditioning-evoked re-
sponses (58), and reciprocally, fear conditioning induces LTP-
like increases in synaptic transmission in this pathway (59). It is
therefore plausible that failure of induction or maintenance of
L-LTP-like changes at amygdala synapses contributes to the
impairment of long-term memory for fear conditioning in NT4
knockouts. Further studies will be needed to test this possibility.

Do Different Neurotrophins Play Different Roles in Hippocampus-
Dependent Learning and Memory? It is well documented that the
different neurotrophins have specific roles in the survival of
various types of neurons (39, 40), differentiation of the pyrami-
dal neurons in the visual cortex (60, 61), and ocular dominance
column formation (62). Little is known about whether different
neurotrophins play different roles in learning and memory
formation. Behavioral analyses have been reported on only two
neurotrophin heterozygous mutant strains, NGF1y2 and
BDNF1y2 mice (41, 44), and a neurotrophin receptor mutant

strain, p752y2 mice (63). All three strains of mice have
significant deficits of learning in the water maze test. In addition
to learning, p752y2 mice have deficits in inhibitory avoidance
and motor activity, and NGF1y2 mice display significant
deficits in memory retention. The significant neuronal loss in the
central nervous system of p752y2 and NGF1y2 mice made it
difficult to assess the precise role of these two molecules in
learning and memory. In contrast to p75 and NGF1y2 mice and
similar to BDNF1y2 mice, NT42y2 mice do not have detect-
able central nervous system neuronal reduction (45, 46). We
show herein that NT42y2 mice are, to our knowledge, the only
neurotrophin mutant mice that have normal learning and short-
term memory in the fear-conditioning test. Moreover, opposite
of the effect of BDNF in memory retention, NT4 affects the
retention of long-term memory. Our data suggest that the
function of NT4 may be complementary to BDNF in learning
and memory formation. It would be interesting to study mice that
have hippocampal-specific gene knockout of trkB, the receptor
for both BDNF and NT4. If trkB is responsible for both BDNF
and NT4 signaling, such knockout mice would have deficits in
both learning and memory retention. During the review of this
paper, Minichiello and colleagues (64) produced such mice.
They showed that inactivation of trkB in the forebrain of mice
hampers space learning. The effect of trkB on memory retention
remains to be determined.

Previous electrophysiological studies regarding the effect of
neurotrophins in the hippocampus have focused on BDNF and
NT3. As mentioned in the introduction, a reduced dose of NT3
only selectively impairs short-term plasticity in the dentate gyrus
(33), whereas deficiency of BDNF results in severely diminished
D-LTP and L-LTP in the CA1 and CA3 regions (29–31). We
show herein that the deficits in synaptic function of NT42y2
mice differ from those previously observed in BDNF2y2 mice
in several aspects, although they both are the ligands of trkB.
First, at the Schaffer collateral-CA1 synapses, the basal synaptic
transmission and short-term synaptic plasticity measured by PPF
remain normal in NT4 mutants, whereas BDNF mutants display
reduced basal transmission and PPF (30). Second, the NT4
mutation selectively impairs the L-LTP induced by multiple
high-frequency trains but has little effect on the D-LTP induced
by a single train. In contrast, both D-LTP and L-LTP are
hampered in BDNF mutants (29–31). Thus, the function of
endogenous NT4 at hippocampal synapses seems to be more
selective, focusing on the long-lasting form of LTP. These data
are consistent with our behavioral analysis and suggest that
different neurotrophins may play different roles in hippocam-
pus-dependent learning and memory.

Possible Underlying Mechanisms for Synaptic Plasticity Deficits in NT4
Mutants. Our findings raise an interesting question as to how NT4
and BDNF, both of which bind and activate trkB receptors, could
have differential effects in the hippocampus. One explanation is
that BDNF may have a more prominent influence than does NT4
on formation and refinement of synapses in the hippocampus,
such that loss of BDNF causes more extensive deficits in synaptic
function. Alternatively, NT4 and BDNF interact differentially
with trkB to activate distinct signaling pathways and therefore
affect different aspects of synaptic function. In fact, the differ-
ential activation of trkB by BDNF and NT4 has been demon-
strated recently in mice carrying point mutations in trkB that
cause loss of NT4 signaling without major effects on BDNF
responses (65). It is possible that different neurotrophins, NT4,
BDNF, and NT3, each have their own specific action in modu-
lating synaptic function. These differential actions may work in
tandem to maintain normal synaptic transmission and plasticity
in adult hippocampus and may contribute to hippocampus-
dependent learning and memory processes.
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It is well established that hippocampal L-LTP and long-term
memory share a common requirement for gene transcription and
protein synthesis (66, 67). The correlative impairment of both
L-LTP and long-term memory in NT4 mutant mice suggests that
loss of NT4ytrkB signaling may compromise the synthesis of new
proteins that are crucial for long-term information storage.
Indeed, the deficits in L-LTP of NT42y2 mice are similar to
what is observed with protein synthesis inhibitor-treated hip-
pocampal slices (66, 68).

Finally, our studies suggest that drugs that act as NT4 mimetics

may be attractive candidates for the therapy of acquired disor-
ders of learning and memory caused by abnormal neuronal
function, especially if there are defects in consolidation of
short-term into long-term memories.
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