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Impaired Long-Term Potentiation,
Spatial Learning, and Hippocampal
Development in fyn Mutant Mice

Seth G. N. Grant, Thomas J. O’Dell, Kevin A. Karl, Paul L. Stein,
Philippe Soriano, Eric R. Kandel

Mice with mutations in four nonreceptor tyrosine kinase genes, fyn, src, yes, and abl, were
used to study the role of these kinases in long-term potentiation (LTP) and in the relation
of LTP to spatial learning and memory. All four kinases were expressed in the hippocam-
pus. Mutations in src, yes, and abl did not interfere with either the induction or the
maintenance of LTP. However, in fyn mutants, LTP was blunted even though synaptic
transmission and two short-term forms of synaptic plasticity, paired-pulse facilitation and
post-tetanic potentiation, were normal. In parallel with the blunting of LTP, fyn mutants
showed impaired spatial learning, consistent with a functional link between LTP and
learning. Although fyn is expressed at mature synapses, its lack of expression during
development resulted in an increased number of granule cells in the dentate gyrus and of
pyramidal cells in the CA3 region. Thus, a common tyrosine kinase pathway may regulate

the growth of neurons in the developing hippocampus and the strength of synaptic plasticity

in the mature hippocampus.

The biological analysis of learning and
memory requires the demonstration of a
causal relation between molecular mecha-
nisms in neurons of the brain implicated in
a particular form of learning and the mod-
ification of behavior produced by the learn-
ing. In invertebrate animals with few neu-
rons, it is possible to assign a role to the
actions of specific genes and proteins in the
synaptic plasticity of individual cells (or cell
groupings) and to relate the plasticity to the
modifications of behavior produced by
learning in the whole animal (1). This
relation is more difficult to demonstrate in
mammals, particularly for complex forms of
learning involving the hippocampus and
neocortex. However, the ability to generate
specific gene mutations in mice, by homol-
ogous recombination in embryonic stem
(ES) cells, makes it possible to relate the
actions of known genes to the physiology of
specific cells in regions thought to be nec-
essary for learning as well as to learned
behavior in the whole animal.

In humans, the hippocampus has a cen-
tral role in the long-term storage of explicit
memories, which result in the conscious
remembrance of places, people, and objects
(2). These findings have been extended to
monkeys, rats, and mice, where spatial and
olfactory memories are sensitive to hippo-
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campal damage (2, 3). In addition to their
importance in behavioral learning, the neu-
rons of the hippocampus undergo several
enduring forms of synaptic plasticity. In
particular, the strength of excitatory synap-
tic connections can be enhanced for pro-
longed periods after a short burst of high-
frequency synaptic activity, a process
known as long-term potentiation (LTP)
4.
LTP in the hippocampus has been well
studied in the synaptic connections formed
between the Schaffer collateral and com-
missural axons of the pyramidal cells in the
CA3 region and their target cells, the
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pyramidal cells of the CA1 region (5). The
excitatory transmitter at these synapses is
L-glutamate, which activates both NMDA
(N-methyl-D-aspartate) and non-NMDA
receptors on CAl neurons (6). High-fre-
quency synaptic activity induces LTP by
depolarizing the postsynaptic cells suffi-
ciently to cause activation of the NMDA
receptor, which results in an increase in
Ca?* influx. Ca?* influx into the postsyn-
aptic cell activates a cascade of protein
kinases, including both serine-threonine
(7) and tyrosine kinases (8, 9). This kinase
cascade is thought to lead to the release of
retrograde synaptic messengers, which seem
to enhance transmitter release by acting on
the terminals of the presynaptic neuron
(10).

The inhibitors of tyrosine kinases block
the induction of LTP without affecting
normal synaptic transmission, post-tetanic
potentiation (PTP), or several physiologi-
cal responses mediated by serine-threonine
kinases (8). However, the inhibitors used
to investigate the role of tyrosine kinases in
LTP lack the pharmacological specificity
necessary to identify specific tyrosine ki-
nases.

Tyrosine kinases fall into two structural-
ly distinct categories: (i) membrane-span-
ning receptor tyrosine kinases that trans-
duce signals from growth and neurotrophic
factors and (ii) nonreceptor tyrosine kinases
associated with the cytoplasmic side of the
plasma membrane (11). The nonreceptor
tyrosine kinases are often associated with
and activated by various transmembrane
signaling molecules including the PDGF
receptor (12) and the T cell receptor (13).
To facilitate identification of individual
tyrosine kinases involved in LTP, we have
examined mice with mutations in the src,
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Fig. 1 (left). Expression of Fyn, Src, Yes, and Abl tyrosine kinases in
mouse hippocampus by in vitro immune complex protein kinase

assays. Proteins immunoprecipitated with antibodies specific to Fyn
(lane 1), Src (lane 2), Yes (lane 3), and Abl (lane 4) were incubated with
[v32P]ATP, separated by SDS—polyacrylamide gel electrophoresis; and
KOH treated to reveal tyrosine phosphorylation. Film was exposed for 2

hours for Fyn, Src, and Yes and overnight for Abl (44). Arrows indicate Yes and Abl.

Fig. 2

(right). Paired-pulse facilitation in hippocampal slices from fyn~ (n = 4, 13 slices), yes~ (n = 4, 14
slices), src~ (n = 3, 13 slices), and abl~ (n = 2, 9 slices) mice. Paired-pulse facilitation was
examined with a 50-ms pulse interval. (A) Examples of field EPSP’s from wild-type (wf) and fyn™
mice. (B) Histogram shows the ratio of the slope of the second field EPSP to the first field EPSP
(mean + SEM). Calibration bars are 1.5 mV, 22 ms.
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fyn, yes, and abl genes, which encode four
nonreceptor tyrosine kinases, all of which
are expressed in the hippocampus (Fig. 1)
(14). The mutations were engineered by
homologous recombination in mouse em-
bryonic stem cells and resulted in no detect-
able Src, Fyn, or Yes protein and in a
truncation in the COOH-terminal region
of Abl.

Src, Fyn, Yes, and Abl in the hippo-
campus. None of the four mouse mutants
that we studied has been described as show-
ing an obvious neurological phenotype.
Disruption of the src gene results in osteo-
petrosis (I15). Mutations in fyn result in a
defect of signal transduction in T cells (16,
17). Mice with disruptions in the abl gene
are runted and depleted in mature T cells
and B cells (18). Mice lacking yes expres-
sion have no demonstrable phenotype (19).

To examine possible neuronal pheno-
types in these mutant mice and to obtain a
baseline for subsequent studies of long-term
synaptic plasticity and spatial learning, we
studied the synaptic connections between
the CA3 and the CAl pyramidal cells.
Synaptic transmission in hippocampal slices
from each of the mutant mice (20) was
indistinguishable from that in similar prep-
arations from wild-type mice (21). For ex-
ample, the maximum field excitatory post-
synaptic potentials (EPSP’s) evoked in
slices from fyn~ mice were identical to
those from wild-type mice. Furthermore,
paired-pulse facilitation, a short-term form
of synaptic plasticity that results in facili-
tated transmitter release from the presynap-
tic terminals, was normal in slices from
mutant mice (Fig. 2).

Mice with mutations in the src, yes, and
abl genes also had normal LTP (Fig. 3). By
contrast, in fyn mutants LTP was impaired
(Fig. 4A). To ensure that this phenotype
was specific to the fyn gene and did not
result from an additional, random muta-
tion, we examined homozygous mice de-
rived from two independent ES cell clones
containing a null fyn mutation [fynl and
fyn2 (16)] created by replacing the second
exon of the fyn gene with a neo gene. The
replaced second exon included the initiator
ATG and the myristylation sequence nec-
essary for attaching the fyn protein to the
plasma membrane. We also analyzed the
fyn mutation on the 129Sv inbred genetic
background and on hybrids between 129Sv
and C57BL/6J. No differences were detect-
ed in the deficiency of LTP between fynl
and fyn2 mutants or between inbred mice or
those with a hybrid background.

Reduction in LTP in fyn mutant mice.
LTP was impaired in the CA1l neurons of
hippocampal slices from fyn™ mice in both
the field EPSP (Fig. 4A) and in the popu-
lation spike (22). However, this impair-
ment was not absolute. Although there
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was, on average, no LTP in the field EPSP
(responses 1 hour after tetanic stimulation
were 90.5 + 4.5 percent of control in slices
from fyn™, n = 5, compared to 177.5 = 2.9
percent of control in slices from wild-type
mice, n = 5), there was a markedly reduced
but nevertheless long-lasting potentiation
in some experiments.

In our initial experiments, we adjusted
the intensity of presynaptic fiber stimula-
tion in each slice so that field EPSP ampli-
tude elicited would be 1.0 mV (Fig. 4A).
To determine whether the apparent lack of
LTP in slices from fyn™ mice might reflect a
change in the threshold for the induction of
LTP, we used two different stimulation
strengths during the high frequency teta-
nus. The weak intensity tetanus evoked a
postsynaptic response equivalent to 25 per-
cent of the maximal field EPSP. The strong
intensity tetanus evoked responses equiva-
lent to 75 percent of the maximal field

EPSP. Whereas weak stimulation strengths
during a tetanus produced robust LTP in
slices from wild-type mice (149.6 = 18.2
percent), this protocol induced little or no
LTP in slices from fyn™ mice (108 * 7.6
percent) (Fig. 4B). However; when strong
intensity stimulation was used during the
tetanus, a reduced form of LTP (approxi-
mately 50 percent of that observed in slices
from wild-type animals) was evident (133
+ 9.3 percent in fyn~; 168.5 + 11.6
percent in wild-type) (Fig. 4C). This re-
duced form of LTP in fyn™ slices had the
properties of normal LTP. It was blocked by
the NMDA receptor antagonist APV (23)
(Fig. 5C), and it was unaffected by the
Ca’" channel blocker nifedipine (24).

An even more effective way of activat-
ing the NMDA receptor and the subse-
quent steps in the induction of LTP is to
depolarize the postsynaptic cell directly
rather than synaptically. We therefore ini-

Fig. 3. LTP in hippocampal s 5

slices from src™ (A), yes~ Eggo As,c- Eggg Byes-

(B), and abl~ (C) mice. S50 S50 8

Squares are results from S 500 }%

experiments in which a 459 et £150 et

strong tetanus was used to %100 i %100 Y

induce LTP; triangles rep- 2 50, : - - 5 5030"_6 5

resent average responses £ - " 0 2 - . 30 60

in which LTP was mduced Time (min) Time (min)

with a weak tetanus. (D) = _

LTP measured 1 hour after ~ £350 3 22501 D o Weak intensity

tetanic stimulation. In (), n~ 33o0f &0/ ] Strong intensity

= 3 animals, 7 slices for 2250 £200

theweak tetanusand n=2  §200 M 5

animals, 6 slices for the & 1%0 150

strong tetanus; in (B), n = &£100 -

3 animals, 6 slices for the 3 % ) 30 G0 B100- 0 —yes s abr
'™ . - ™)

weak tetanus and n = 3 Time (min)

animals, 6 slices for the strong tetanus. Only the strong intensity tetanus was tested in slices from

abl~ mice [(C), n = 2 animals, 7 slices].

Fig. 4. Impaired LTP in hip- 450T A

pocampal slices from fyn~ T

mice. (A) Field EPSP 350T L

slopes recorded before 250 II

and after tetanic stimula- 3 207 AR LT

tion in slices from fyn~ £ g“%*m‘mw@‘w
mice (diamonds) or wild- 8 0T rovese .

type mice (triangles). Each B g ; , ) TR —
point shown is the mean + £ 15 0 15 30 45 60
SEM; n = 5 animals, 11 8 w fyn- wt fyn—

slices for fyn™ mice; n =5 ® = == ™\
animals, 7 slices for wild- & 400 Bﬁ\7/ i 400 V \/’
type mice. (B) Effect of & ggg ggg -
weak (25 percent of maxi- 3 250 250 §

mum) tetanic stimulation in iL 500 200 ,‘l,.l

slices from wild-type ani- 150 S 150 et

mals (triangles, n = 5, 9 100 St Smpeosit 100

slices) or fyn— mice (dia- 50 50 I

monds, n = 3, 8 slices). -30 0 30 60 -30 0 30 60
Traces are responses elic- Time (min)

ited just before and 1 hour

after tetanic stimulation. Calibration bars are 1 mV, 5.5 ms. (C) Effect of strong (75 percent of
maximal) tetanic stimulation on LTP in slices from fyn— mice (diamonds, n = 3, 8 slices) or control

animals (triangles, n = 4, 12 slices).

SCIENCE ¢ VOL. 258 ¢ 18 DECEMBER 1992



tiated LTP by pairing postsynaptic depolar-
ization with low-frequency presynaptic
stimulation. When LTP was induced in this
manner, there was no difference in the
amount of LTP observed in slices from fyn™
and wild-type mice (Fig. 5A).

These experiments indicate that the
blunting of LTP in fyn™ mice can be over-
come by strong inducing stimuli and that,
therefore, under these conditions, Fyn is
not essential for LTP. Thus, Fyn may have
a modulatory role, influencing the thresh-
old for induction of LTP. In fact, LTP
induced by pairing the synaptic input with
strong postsynaptic depolarization is fully
blocked by the tyrosine kinase inhibitor
genistein (25), suggesting that other tyro-
sine kinases may contribute to LTP.

The lack of Fyn may lead to a blunting of
LTP at weak and moderate intensities of
presynaptic stimulation in one of three
ways: (i) by altering the functioning of the
NMDA receptor; (ii) by impairing the syn-
aptic depolarization that leads to the acti-
vation of the NMDA receptor; or (iii) by
leading to a less effective recruitment of the
steps subsequent to the activation of the
NMDA receptor. To assess the contribu-
tion of the NMDA receptor to the excit-
atory postsynaptic current (EPSC), we used
whole-cell patch-clamp techniques, opti-
mal conditions for revealing the NMDA
receptor component (20), and submaximal
stimulus intensities. The NMDA receptor

Fig. 5. LTP and NMDA receptor function and
PTP in hippocampal slices from fyn~— mice.
Induction of LTP in hippocampal slices from
fyn~ mice by pairing 40 EPSP's (evoked at 1
Hz) with depolarization of the postsynaptic cell.
(A) Results from wild-type mouse CA1 pyrami-
dal cells (squares, mean + SEM; n = 10, 11
cells) and fyn— mouse cells (circles, n = 7, 11
cells). One hour after inducing LTP by pair-
ing EPSP's with postsynaptic depolarization,
EPSP’s were 245.6 + 22.6 percent of control
(mean = SEM) in cells from wild-type mice
whereas EPSP's were 237.6 + 17.8 percent of
control in cells from fyn~ mice. Traces show
intracellular EPSP's elicited just before and 60
min after inducing LTP in individual experi-
ments from wild-type and fyn~ mice. Calibra-
tion bars are 5 mV, 15 ms. (B) The NMDA
component of the excitatory postsynaptic cur-
rent (EPSC) in fyn— mice. The EPSC’s were
recorded at two different membrane potentials
(—40 and —-80 mV), and current amplitude
measured 25 ms after the peak current was
used to estimate the NMDA component of the

component of the excitatory synaptic cur-
rent in the fyn™ mice appeared normal and
was indistinguishable from that in wild-type
cells (Fig. 5B).

We next examined the possibility that
the input pathway did not produce a depo-
larization sufficient to activate the NMDA
receptor optimally. We estimated the mag-
nitude of the synaptic depolarization pro-
duced by the tetanic stimulation used to
initiate LTP. We measured the area under
the field EPSP produced by the tetanus and
found no significant difference (ts, = 0.94,
not significant) between the depolarization
produced by tetanic stimulation (100 Hz,
1-s duration) in slices from fyn™ and that
from wild-type mice (1886 = 663.5 mV X
ms, n = 4 slices from 4 wild-type mice;
1457 *+ 480.2 mV X ms, n = 9 slices from
3 fyn™ mice). We also tested the effective-
ness of the input pathway in an indepen-
dent way by examining its capability to
produce PTP. This enhancement of trans-
mitter release normally follows the tetanus
to the presynaptic fibers and is of even
greater amplitude than that caused by LTP.
To produce PTP, we stimulated the Schaf-
fer collateral and commissural fibers with
the same high-frequency train of synaptic
stimulation used to induce LTP but pre-
vented LTP with the NMDA receptor an-
tagonist APV (50 uM). Under these con-
ditions PTP was normal in fyn™ mice (Fig.
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EPSC (4). The magnitude of the NMDA component of the EPSC, expressed as a percentage of the
peak EPSC amplitude, was reduced with membrane hyperpolarization and was of comparable
magnitude in cells from both wild-type and fyn~ mice. The traces on the left show EPSC's at —80
and —40 mV (arrows) in cells from wild-type and fyn— mice. Calibration bars are 50 pA and 17 ms.
(C) PTP in slices from fyn~ mice. Two trains of strong intensity 100-Hz stimulation (1 s in duration,
separated by 20 s) were delivered at time = 0. PTP, measured at the increase in the first response
after the last high-frequency train, was 166.5 = 26.2 percent (mean + SEM) of control in slices from
wild-type mice (n = 4 animals, 4 slices) and 181.8 = 31.3 percent of control in slices from fyn~ mice

(n = 3 animals, 4 slices).
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These experiments suggest that the
NMDA receptor in fyn~ mice functions
normally and that the synaptic depolariza-
tion of the postsynaptic cells produced by
the input seems adequate to activate the
NMDA receptor. We find the results most
consistent with a modulatory defect in the
sequence of steps subsequent to the activa-
tion of the NMDA receptor. However, we
cannot rule out a developmental abnormal-
ity in the spatial arrangement of the synap-
tic input onto the dendrites of the CAl
cells, which might result in a failure to
adequately depolarize the dendritic spines
and therefore produce suboptimal activa-
tion of the NMDA receptors specifically
located in the spines of the apical dendrites
(26).

Impairment of spatial learning in fyn~
mice. To obtain a behavioral measure of
the defect in fyn™ mice, we examined
spatial learning, a form of learning that, in
rodents, is dependent on an intact hippo-
campus (3). Blockade of LTP in the hippo-
campus, with NMDA receptor antagonists,
interferes with spatial learning (27). Be-
cause these blockers may perturb other as-
pects of synaptic transmission dependent on
NMDA receptor functioning unrelated to
LTP, we have reexamined this link be-
tween spatial learning and LTP genetically,
by determining whether the blunting of
hippocampal LTP is reflected in an impair-
ment in spatial learning. We first assessed
spatial learning in the Morris water maze
(27), a procedure in which mice placed in a
circular pool filled with opaque water es-
cape by swimming and landing on a hidden
platform. To learn the location of the
hidden platform, the mice must rely on
spatial cues provided by several distal visual
landmarks surrounding the pool. During a
7-day training period, wild-type mice
showed a gradual reduction in the time
taken to find the hidden platform (F g 54y =
6.31, P < 0.01) (28). This reduction did
not occur with fyn™ mice (F 45 = 0.16,
not significant); their behavior was signifi-
cantly different from that of wild-type mice
(F 6,102y = 3-45, P < 0.01) (Fig. 6B).

To separate learning from other behav-
ioral changes that contribute to more rapid
escape to the hidden platform, we used two
transfer tests in which the platform was
removed from the pool and the trained
mice were allowed to swim freely for 60 s.
Mice that have learned the spatial localiza-
tion of the platform normally spend more
time in the quadrant that earlier had con-
tained the missing platform and swim more
frequently over the site of the missing plat-
form. In the first transfer test (performed
immediately after 7 days of training), the
wild-type mice searched primarily in the
trained quadrant (Fig. 6, C and D). By
contrast, the fyn™ mice spent no more time
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in the quadrant that had contained the
platform than would be expected by chance
(13.1 = 3.4 s, not significant). When the
transfer test was repeated 5 days later (day
12), the wild-type mice showed a slight
improvement in performance, perhaps as a
result of the reinstatement training after the
previous transfer test, and performed signif-
icantly better than would be expected by
chance (24.1 £ 3.6s, P < 0.05) (Fig. 6D).
The fyn™ mice again failed to show learning
(14.3 = 3.6 s, not significant). The wild-
type mice crossed the area where the plat-
form had been more frequently than did the
fyn™ mice, suggesting that the fyn™ mice
failed to learn the spatial location of the
escape platform (crossings per trial: wild
type = 2.4 = 0.8, fyn™ = 1.4 = 0.9).

The apparent loss of spatial learning in
the fyn™ mice might result from impaired
vision or swimming ability or lack of moti-
vation. To examine these parameters, we
conducted a control experiment in which
the mice learned, during an 8-day training
period, to swim to the platform now made
visible by placing a flag on top. In this case,
distal visual cues are absent so that the
learning task does not require a spatial map;
rather, the mice need only to learn an
association with a single cue. In this visual
learning task, both fyn™ (F; 55 = 10.62,
P < 0.01) and wild-type mice (F; ¢ =
2.36, P < 0.05) improved during the 8 days
of training. Although the wild-type mice
initially performed with a lower escape
latency (wild type: 17.6 = 4.2 s; fyn™:
37.1 = 4.7 s, P < 0.01), the fyn™ mice
improved sufficiently by day 6 so that they
performed as well as wild-type mice (wild
type: 11.4 = 3.5s; fyn™: 16.1 = 4.6 5, not
significant). This result demonstrates that
fyn™ mice can learn some tasks and sug-
gests that the deficit in spatial learning in
fyn~ mice is specific and unlikely to result
from an inability to perform in the water
maze (29).

Role of Fyn in the development of the
hippocampal neural circuitry. The find-
ing that there is normal synaptic transmis-
sion, paired-pulse facilitation, and PTP
but a blunted form of LTP in the fyn™
mice is consistent with the idea that the
Fyn may modulate the induction of LTP
and contribute to spatial learning. How-
ever, the link between Fyn, LTP, and
learning may arise through an alternative
mechanism. The fyn mutation could result
in a developmental abnormality in the
circuitry of the hippocampus leading to a
blunting of LTP and of learning in the
adult animal. To explore this possibility,
we surveyed the brain histologically, fo-
cusing in particular on the neocortex,
hippocampus, and cerebellum. In these
three regions, we found no gross abnor-
mality in the overall arrangements of cells
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or fiber tracts. In the cerebral cortex, for
example, there is a cellular representation
for each whisker in the form of barrel fields
(30). These barrel fields were normal in
appearance in fyn™ mice (Fig. 7A).
Although the gross architecture of the
hippocampus in fyn™ mice was normal, we
found a clear defect in the arrangement of
the granule cells of the dentate gyrus and in
that of their target cells, the pyramidal cells
of the CA3 region (Fig. 7B). These defects
were specific to fyn~ mice and were not
present in src”, yes~, or abl” mice but were
present in both fynl and fyn2 mice and in
both inbred and hybrid strains. This abnor-
mality is evident as an undulation in the
granule cell layer in the dentate gyrus and
in the pyramidal cell layer in region CA3
(Fig. 7B). In the CA3 region, the undula-
tion of the cell layer was more prominent in
caudal (ventral) than in rostral (dorsal)
regions of the hippocampus. Counting of
pyramidal cells in the caudal CA3 region
and dendate gyrus granule cells in the ros-
tral region of fyn™ mice indicates that these
undulations reflect an increase of 25 per-
cent in cell number compared to wild-type
mice (CA3: fyn™, 260 = 14; wild type, 206
+ 8; P < 0.02. Dendate gyrus: fyn™, 379 =
21; wild type, 275 £ 16; P < 0.01; mean =
SEM) (31). This increase in neuron num-

Fig. 6. Impaired learning A
of fyn™ mice in the water
maze. (A) Escape latency
to a hidden platform (45).
Mice were trained for sev-
en consecutive days to
swim from random loca-
tions to a hidden platform
in a fixed location (stip-
pled circle in shaded
northwest quadrant). The
time required for the ©C
mouse to escape (escape
latency) was recorded on
each day (B). Transfer test
(C and D). After 7 days of
training, the platform was
removed and the mice
were allowed to swim for
60 s. Individual examples
(C) show records of a
wild-type mouse search-

Hidden platform

Training

Transfer

ber may result from overproliferation, al-
tered cell fates, or failure of cell death.

To examine the mossy fiber pathway
that connects the granule cells to the CA3
region, we used the Timm stain, which
selectively stains this pathway. Despite the
fact that both the granule cell layer and the
layer of CA3 pyramidal cells display undu-
lations, the mossy fiber pathway appears
normal in its overall projections (Fig. 7C).
In the CALI region of the hippocampus,
there is a characteristic cholinergic fiber
pathway. The pattern of this innervation
also was normal in fyn~ mice (Fig. 7D).

The primary targets of the CA3 neurons
are the apical dendrites of CA1 pyramidal
neurons (32), and the LTP we have studied
is produced at the synapses that the CA3
cells make with the CAl neurons. We
therefore examined the morphological in-
tegrity of the apical dendrites of the CA1
pyramidal neurons. Immunohistochemical
detection of a dendritic-specific protein,
the microtubule-associated protein 1
(MAP1), revealed that the apical dendrites
are present and extend across the full width
of the stratum radiatum but appear less
tightly organized than in wild type (Fig.
7E). It is not clear whether this change is
primary or secondary to a change in the
packing density of the CA1 pyramidal cells,

Dayl1 2 3 4 5 6 7

D 0O 8- Day7 Day 12

~— — Chance

= wt fyn wt fyn

ing in the quadrant that
had contained the plat- g
form (shaded) and a fyn~
mouse swimming ran-
domly (D). Visible platform
training (E and F) (46).
Path of a mouse trained to
reach the randomly locat-
ed flagged platform (E).
The escape latency was
recorded for eight con-
secutive days of training
(F). Mean and SEM are
shown for nine fyn~— mice

Visible platform
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and ten wild-type mice all on a 129Sv strain background.
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which do not appear to form as tight a layer
in the fyn mutants as in the wild type.
Because the pyramidal cells of the CA3
region that give rise to the presynaptic
afferents to CA1l show a disorganized ar-
rangement, a developmental abnormality
in the spatial organization of synaptic in-
puts onto the apical dendrites of the CAl
cells could contribute to the blunting of
LTP and spatial learning. Nevertheless,
this afferent pathway seems intact physio-

logically. It is capable of normal synaptic
transmission, short-term synaptic plasticity,
and, under some conditions, LTP. Thus,
the defect in LTP may arise from an inde-
pendent abnormality in the mature func-
tioning synapse, but we cannot fully distin-
guish between these two possibilities.

A role for fyn in development and
plasticity. If Fyn is important for LTP, it
should be present in the mature synapse
(8). In subcellular fractionation studies

(Fig. 8), we found that Fyn was present in
synaptosomes and was enriched in the syn-
aptic plasma membranes and in the
postsynaptic density, where Ca?*/calmodu-
lin-dependent protein kinase II (CamKII)
also is enriched. A similar pattern of ex-
pression was found for Src (33) and Yes.
Thus, our data are consistent with the idea
that although Fyn is important in the de-
velopment of the hippocampus it may also
have a role in the mature synapse related to

fyn

Posterior

Anterior

Fig. 7. Architecture of the hippocampus in fyn~ mice. (A) Cortical
somatosensory barrel fields. Cytochrome oxidase stain of tangentlal
sections of cerebral cortex reveal no major abnormalities in whisker
barrel formation of fyn— mice. Scale bar, 0.4 mm (47). (B) Neuronal cell
bodies in the hippocampus. Nissl stain of anterior and posterior coronal
hippo-campus sections of wild-type and fyn— mice. Note undulations
(arrows) in posterior CA3 and anterior dentate gyrus (DG) in fyn~
hippocampus. The undulations were absent from CA1 regions. Scale
bar, 0.4 mm (48). (C) Fiber pathways in the hippocampus. Timm stain
revealed mossy fiber projection from dentate gyrus (DG) to CA3
pyramidal neurons. The mossy fiber pathway undulates with both DG
and CAS3 cell body layers in fyn— mice (arrows). Scale bar, 0.4 mm (49).
(D) Cholinergic innervation of the CA1 region in fyn— mice. Histochem-
ical reaction for acetylcholinesterase revealed cholinergic arborization
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c Anterior Posterior

Control

Control

within cell body layer (brackets) and stratum radiatum (SR). No abnor-
mality was found in the CA1 of fyn— mice. Control section was not
incubated with substrate. Scale bar, 50 um (50). (E) Architecture of
apical dendrites of CA1 pyramidal neurons. Dendritic branching re-
vealed by immunohistochemical staining of microtubule-associated
protein 1 (MAP 1). Fyn~ mice show disorganized branching across
stratum radiatum (SR) and less tightly packed CA1 cell body layer
(brackets) and ectopic pyramidal cells (arrows). Control section re-
ceived no primary antibody. Scale bar, 50 pm (57).

¢ 18 DECEMBER 1992 1907



-« : e M- JT R N R . T g

200—

97 —
69 —
-

T ——— e

46—

30—

Fig. 8. Synaptic expression of Fyn (arrow).
Protein immunoblot with antibody to Fyn of
proteins from wild-type whole brain (lane 1),
whole brain from fyn— mice (lane 2), or synap-
tosomes from wild-type mice (lane 3). Synapto-
somes from wild-type mice were fractionated
into soluble (lane 4) and insoluble (synaptic
junctional complex, lane 5) fractions. The syn-
aptic junctional complex was fractionated fur-
ther into postsynaptic densities (lane 6) and
synaptic plasma membranes (lane 7). Equal
proportions of the fractions from synaptosomes
were loaded (52).

the induction of LTP.

Of the mice lacking one of four nonre-
ceptor tyrosine kinases, only those lacking
fyn had abnormalities in LTP and hippo-
campal development. The specific require-
ment for Fyn may result from structural and
regulatory features that distinguish it from
other members of the Src family. Kinases of
the Src family have three major domains
defined by function and sequence similari-
ty—a distinguishing NH,-terminal domain
is followed by the highly conserved noncat-
alytic Src homology domains (SH2 and
SH3) and by the COOH-terminal catalytic
domain (SH1) (11). Although this NH,-
terminal domain differs among members, its
evolutionary conservation here suggests
that this region may have a specific func-
tion (34), such as the association with a
membrane receptor or regulation of kinase
function (35). Many members of the Src
family are often associated with or activated
by a single receptor (36), suggesting that
several Src family kinases may participate in
a common signaling pathway. In LTP, the
distinct regulatory properties of the individ-
ual kinases might give rise to distinctive
activation thresholds.

As would be expected, in view of the
possibility of different thresholds of activa-
tion, we found that LTP in the fyn™ mice is
essentially absent at low stimulus strengths
during a tetanus, is induced as a blunted
form with stronger tetanic stimulation, and
appears normal when induced by pairing
strong postsynaptic depolarization with
evoked EPSP’s. This pairing-induced LTP
is blocked by genistein in both wild-type
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and fyn~ mice, indicating that tyrosine
kinases other than fyn participate in LTP
(25). This raises the possibility that under
conditions of higher intensity stimulation,
other related tyrosine kinases may over-
come the Fyn deficiency. This idea could be
tested with double mutant mice containing
deficiencies in Fyn and Yes or Src.

Tyrosine kinases in the postsynaptic cell
appeat to contribute to the induction rather
than the maintenance phase of LTP (8).
This idea is consistent with the evidence
that Fyn is enriched in postsynaptic densi-
ties. One clue as to how Fyn might function
postsynaptically comes from studies of the T
cell receptor with which Fyn associates
(13). In fyn™ mice there is an impairment
in the ability of T cells to increase the
concentration of intracellular free Ca2* in
response to receptor activation (16, 17).
Ca** influx into the postsynaptic cell, via
the NMDA receptor, is necessary for the
induction of LTP (6), but additional sourc-
es of Ca’* may also be required. The
finding that blockade of voltage-dependent
Ca?* channels does not influence LTP in
fyn™ mice suggests that if there is a defect in
Ca?* handling, it might be in the release of
Ca?* from intracellular stores (38).

The finding that Fyn appears to function
in neuronal development suggests three pos-
sibilities. First, the developmental defect
might be primary and account for the blunt-
ing of LTP. Second, the defects in develop-
ment and in LTP might be independent
reflections of a common requirement for
Fyn. Third, Fyn might participate in a com-
mon activity-dependent synaptic mecha-
nism that is required both for neuronal
development and for the synaptic plasticity
of learning. Because the final number of
pyramidal cells in the CA3 region but not in
the CA1 region appears to be determined by
cell death (39), Fyn might participate in
regulating cell death in the hippocampus. In
T cell development, programmed cell death
requires an increase in the concentration of
free intracellular Ca?>* that occurs after ac-
tivation of the T cell receptor (37). In fyn™
thymocytes in which Ca?* fluxes are atten-
uated, the ability to undergo cell death in
response to certain types of antigens also
appears to be impaired (16). Perhaps Fyn
may determine cell number in the CA3
region and dentate gyrus of the hippocampus
by an analogous mechanism.

Mutations in the fyn gene result in an
impairment of both LTP and spatial learn-
ing. This is consistent with the idea that
LTP is causally important for storing mem-
ory for spatial events. A similar conclusion
based on genetic experiments was drawn
from the analysis of mice lacking expression
of a-CamKII (40). Although spatial learn-
ing in the water maze is affected by hippo-
campal lesions and by pharmacological ma-
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nipulations that block LTP, it is important
to emphasize that our experiments do not
exclude the possibility that the impaired
learning may result from a lack of gene
expression outside the hippocampus. In-
deed, both Fyn and CamKII (41) are ex-
pressed in the neocortex, the cerebellum,
and other regions of the brain. Moreover,
spatial learning can be disrupted by lesions
outside the hippocampus, in particular by
lesions of the entorhinal area and of the
frontal cortex (42). In fact, both the fyn~
and CamKII~ mice show an initial impair-
ment in the single-cue association task, a
task that requires nonhippocampal regions
(43). This finding suggests either that the
hippocampus can be involved in simple
associative learning or that these kinases
may be important for learning processes
that require regions other than the hippo-
campus.

The correlation we describe above be-
tween the learning deficit in the animal and
a deficiency in LTP examined at a single
synaptic site in the hippocampus is clearly
only a first step in an analysis that will
require examination of other relay points
both within and outside the hippocampus.
To strengthen the links between Fyn, hip-
pocampal LTP, and spatial learning, it will
also be necessary to specifically manipulate
the expression of mutant forms of Fyn,
restricted only to the hippocampus.

In addition to their role in the study of
behavior and learning, targeted disruption
of genes provides a powerful tool for exam-
ining the role of specific proteins in the
function of the brain. Thus, our data pro-
vide initial insights into the function of
nonreceptor tyrosine kinases in synaptic
plasticity and in hippocampal develop-
ment. A combination of genetic studies
with biochemical analyses should be useful
for the delineation of the specific functions
of Fyn and perhaps other Src family mem-
bers in the biochemical pathways required
for the induction of LTP.
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studies with more intensive training regimens sug-
gest that fyn— mice can learn the spatial task,
which together with the results from the visual-cue
task may indicate that overtraining permits redun-
dant neural mechanisms to compensate for learn-
ing deficits.

Frozen hippocampi from six wild-type mice were
lysed and immunoprecipitated with antibodies to
Fyn (provided by J. Bolen, 2 ul), Src (Oncogene
Science, 1 pg), Yes (provided by J. Bolen, 5 pnl),
or Abl (Oncogene Science Ab-3, 1 pg), and
immunecomplex kinase assays were done (33).
The Abl immunoprecipitation shows two nonspe-
cific bands (50 and 60 kD) that are also seen in
assays with preimmune serum exposed over-
night.

To train mice to swim to a hidden platform in the
water maze, we used a 1.2-m (diameter) pool
filled with milk maintained at 28°C. The platform
was 10 cm in diameter and submerged by 0.5 to
1 cm. The pool was surrounded with a circular
white wall printed with dark blue patterns (stars,
stripes, shapes) that served as spatial cues. The
day before training, mice were given a 60-s swim
and allowed to mount-the hidden platform three
times. Nine fyn— mice (six male, three female) and
ten wild-type mice (seven male, three female), all
7 to 9 weeks of age, were tested in a single blind
analysis and were randomly assigned for training
to find the hidden platform in a given quadrant
(NW, NE, SE, or SW). For seven consecutive
days, each mouse was placed in the pool four
times starting at each of north, south, east, or
west locations in a random order, with a 1-hour
interval between ftrials. After locating the plat-
form the mice were allowed to sit for 60 s before
being returned to their cage. If after 60 s in the
pool, the mice had not located the platform, they
were placed on it and escape latency was
scored as 61. Transfer tests: Mice were placed
in the pool starting at the location opposite the
site where the platform had been and allowed to
swim for 60 s. The time spent swimming in each
quadrant and the number of crossings of the
platform site were recorded (as indices of spatial
learning). After the transfer test on day 7, the
mice were given four reinstatement trainings
(maximum 60 s of swimming and 30 s on plat-
form, from each of the four swim start sites). All
data were videotaped and analyzed blind. No
difference was observed between males and
females in any task. Mice were housed in indi-
vidual cages on a 12-hour light-dark cycle (light
7 am. to 7 p.m.) and were tested between 10
a.m. and 5 p.m. Animal care was in accordance
with institutional guidelines.
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46. Visible platform training: The cues were removed
and the location of the platform was made visible
by a 6-inch-high mast topped with a circular blue
cylinder (5 cm tall by 4 cm diameter). This flag
was equally visible from all pool locations. The
same mice used in the hidden platform training
were trained to swim toward the platform at ran-
dom locations with six consecutive trainings for
eight consecutive days. They were allowed to
swim for a maximum of 60 s and to remain on the
platform for 30 s.

47. The cerebral cortices fixed in paraformaldehyde
were pressed flat in 30 percent sucrose-phos-
phate-buffered saline (PBS) for 24 hours. The
parietal region was freeze mounted and cryostat
sectioned (15 pM). The slides were incubated in
cytochrome oxidase solution (0.5 mg/ml diami-
nobenzidine, 0.3 mg/ml cytechrome C, 0.2 mg/mi
catalase) overnight at room temperature.

48. Paraformaldehyde-fixed brains were cryosec-
tioned (15 uM) and stained with cresyl violet (0.5
percent).

49. Mice were perfused first with 0.36 percent sodium
sulfide in phosphate buffer (10 min) and then
neutral buffered formalin (15 min) and processed
according to R. S. Sloviter [Brain Res. Bull. 8, 771
(1982)].

50. The acetylcholinesterase histochemistry was car-
ried out on 50 uM vibratome sections; M. J.

Karnovsky and L. J. Roots, Histochem. Cytochem.
12, 219 (1969).

51. Brains fixed with paraformaldehyde (4 percent)
were sectioned with a vibratome (50 pM) and
transferred to 24-well culture dishes. After hydro-
gen peroxide (0.3 percent) incubation (15 min-
utes), sections were washed and then blocked in
10 percent goat serum, 0.1 percent Triton X-100 in
PBS for 1 hour. Sections were incubated with the
MAP1 mouse monoclonal antibody (Sigma) (1:100
dilution) overnight at 4°C. After washing, the sec-
tions were incubated in horseradish peroxidase—
conjugated antibody to mouse immunoglobulin G
(Boehringer) diluted 1:200 in x0.5 block for 1 to 2
hours. Three further washings preceded DAB de-
velopment with glucose oxidase.

52. A P2 fraction was prepared from six wild-type
mouse brains according to J. W. Gurd, P. Gordon-
Weeks, and W. H. Evans [J. Neurochem. 39, 1117
(1982)] Synaptosomes were prepared with the
Percoll gradient method of P. R. Dunkley, P. E.
Jarvic, J. W. Heath, G. J. Kidd, and J. A. P. Rostas
[Brain Res. 372, 115 (1986)] and lysed in tris-
acetate (5 mM, pH 8.0) and centrifuged at
30,000g for 30 minutes. The supernatant was
concentrated by ultrafiltration to 2 ml (synapto-
some soluble). The sedimented material was re-
suspended in 1.5 ml of tris-acetate (synaptic
junctional complex), and 50 mM Hepes (pH 7.5)

Selection of a Ribozyme That
Functions as a Superior Template
in a Self-Copying Reaction

Rachel Green and Jack W. Szostak

The sunY ribozyme is derived from a self-splicing RNA group | intron. This ribozyme was
chosen as a starting point for the design of a self-replicating RNA because of its small size.
As a means of facilitating the self-replication process, the size of this ribozyme was
decreased by the deletion of nonconserved structural domains; however, when such
deletions were made, there were severe losses of enzymatic activity. In vitro genetic
selection was used to identify mutations that reactivate a virtually inactive sunY deletion
mutant. A selected mutant with five substitution mutations scattered throughout the primary
sequence showed greater catalytic activity than the original ribozyme under the selection
conditions. The sunY ribozyme and its small selected variant can both catalyze template-
directed oligonucleotide assembly. The small size and reduced secondary structure of the
selected variant results in an enhancement, relative to that of the original ribozyme, of its
rate of self-copying. This engineered ribozyme is able to function effectively both as a
catalyst and as a template in self-copying reactions.

The idea of an RNA polymerase composed
of RNA is central to current theories of the
origin of life, since such a molecule could
replicate autocatalytically. Such a self-rep-
licating RNA molecule is commonly re-
ferred to as an RNA replicase. Because of
the similarity between the chemistry cata-
lyzed by group I introns (phosphodiester
exchange reactions) and modern-day poly-
merases (phosphoanhydride-phosphodiester
exchange reactions), we are attempting to
use this class of ribozymes as a starting point
from which to engineer an RNA replicase.

The authors are in the Department of Molecular Biol-
ogy, Massachusetts General Hospital, Boston, Massa-
chusetts 02114,
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Previous studies (I, 2) have demonstrat-
ed that the Tetrahymena and sunY ribozymes
can catalyze the ligation of oligonucleotides
on exogenous templates. However, an
RNA replicase would have to function ef-
ficiently as both a catalyst and a template.
Conflicting requirements constrain the ev-
olution (or design) of an RNA molecule
that must play two such different roles.
Maximal enzyme activity would presumably
be enhanced by a strong secondary and
tertiary structure, so that the three-dimen-
sional structure required for substrate bind-
ing and catalysis will form. In contrast,
elongation of the growing chain would pre-
sumably be enhanced on an unstructured
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with protease inhibitors and Triton X-100 was
added to 10 ml and 1 percent, respectively. After
motor homogenization, gentle agitation for 20
minutes and rehomogenization, the extract was
centrifuged at 100,000g for 30 minutes. The su-
pernatant (synaptic plasma membranes) was
concentrated to 4 ml by ultrafiltration, and the
sedimented material (postsynaptic density) was
resuspended in 1 ml of Hepes. Samples contain-
ing 0.4 percent of each fraction were subject to
immunoblotting with antiserum to pp59%" accord-
ing to manufacturers instruction (UBI).
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(unfolded) template, so that template struc-
ture would not interfere with substrate
binding. It appears that an RNA replicase
must exist in a delicate balance between the
folded state necessary for catalysis, and the
unfolded state necessary for template activ-
ity. Furthermore, the transition between
the folded and unfolded states should not be
highly cooperative, so that both states can
coexist over a broad range of conditions.

It was necessary to determine whether
the enzymatic and template activities were
mutually exclusive. Ribozymes such as the
Tetrahymena and sunY introns are efficient
catalysts, but their degree of structure
would be likely to impede the synthesis of a
complementary RNA. In contrast, small
ribozyme derivatives with minimal overall
structure, such as deletion derivatives gen-
erated from sunY (3), while seemingly bet-
ter suited to function as templates, have
thus far appeared to be poor catalysts. We
have therefore applied the technique of
iterative in vitro selection to the task of
isolating a small but highly active ribozyme
variant that can function efficiently as a
template.

In vitro selection of catalytically active
variants. The sunY intron from bacterio-
phage T4 is 245 nucleotides (nt) in length
(without the open reading frame) and is
one of the smallest known self-splicing in-
trons (4). Previous efforts to further de-
crease the size of this intron included the
removal of phylogenetically nonconserved
domains, because these were unlikely to be
essential to ribozyme function. While stem
loops P9.1 and P9.2 (5) of sunY could be
eliminated from the ribozyme with only
minor losses in activity (the resulting 180-
nt molecule was subsequently referred to as
the “original” ribozyme, Fig. 1A) (3, 6),





