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2Laboratoire de Génétique Moléculaire de la Neurotransmission et des Processus Neurodégénératifs
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Abstract

It has long been proposed that the
cellular and molecular mechanisms
responsible for LTP may well involve the
mechanisms that lead to the type of
synaptic modification that occurs during
learning. However, it is also known that a
single memory trace is encoded in spatially
distributed networks; implying that
alterations of synaptic strength occur at
multiple sites along circuits of connected
cells. Recent evidence suggests that
regulation of the gene encoding syntaxin
1B, a presynaptic protein involved in
exocytosis, plays an important role in the
mediation of trans-synaptic LTP, a candidate
mechanism for the propagation of plasticity
in neural circuits during learning. Using in
situ hybridization to measure the mRNA
levels at different time points after learning
a spatial working or reference memory task,
we show that expression of the gene

encoding this protein in the hippocampal
and corticoprefrontal circuits increases
linearly with performance at a critical
window of learning when rats are reaching
between 75% and 100% of their maximal
performance. No changes were observed
during the early phases of learning or when
rats where overtrained. The correlational
analysis indicates that coordinated increases
in syntaxin 1B expression occurs in
hippocampal circuits during working
memory and in more widespread
hippocampocortical circuits during
reference memory. These results suggest
that a form of trans-synaptic plasticity
mediated in part by regulation of the
expression of syntaxin 1B may play an
active role in configuring specific spatially
distributed circuits during the laying down
of memories.

Introduction

It has long been postulated that memories are
represented in the brain as spatiotemporal patterns
of cellular activity within distributed networks of
cells and that changes take place at the cellular
level to store these representations (see Kornorski
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1948; Hebb 1949). The basic assumption is that
specific patterns of activity flowing through neural
networks strengthen their component synapses,
and changes in the weight or strength of these
synapses constitutes a mechanism by which pref-
erential coupling among coactivated neurons sub-
serves the formation, storage, and later retrieval of
neural representations. The most viable cellular
mechanism that results in an enduring form of syn-
aptic modification is long-term potentiation (LTP)
(Bliss and Gardner-Medwin 1973; Bliss and Lomo
1973). First demonstrated in the hippocampus,
LTP is an extremely persistent form of synaptic
strengthening which is studied widely as a poten-
tial cellular mechanism subserving learning and
memory. It is known now that the initial triggering
of LTP in most brain pathways leads to an influx of
calcium through the voltage-gated NMDA-receptor
channel that induces a rapid and transient activa-
tion of several second-messenger cascades and in-
tracellular kinase signaling pathways (for review,
see Bliss and Collingridge 1993). It is essential for
new proteins to be synthesised for LTP to be sta-
bilized and maintained into the long lasting phases
(Otani et al. 1989; Frey and Morris 1997). As a
consequence of the initiation of LTP, it is expected
that changes at the level of gene expression would
take place and there is evidence to suggest that
transcription of genes and translation of both
newly transcribed and pre-existing mRNAs occur
and play important roles in maintaining LTP (Cole
et al. 1989; Wisden et al. 1990; Qian et al. 1993;
Nguyen et al. 1994; Thomas et al. 1994a; Hicks et
al. 1997). Though the fact remains to be clarified:
Cellular changes at both the presynaptic and post-
synaptic sites are believed to contribute to the ex-
pression or maintenance of the increase in synaptic
strength in LTP, which eventually lead to the end
point; a reorganization of the synapse. Although no
single type of morphological or biochemical
change has been attributed to the reorganization of
the synapse, many possibilities have been either
demonstrated or suggested, such as changes in
shape or size in dendritic spines and synapses (Van
Harreveld and Fifkova 1975; Desmond and Levy
1990), the unmasking of silent synapses (Isaacs et
al. 1995), or the growth of new synapses (Edwards
1995). It is more than likely that synaptic modifi-
cation and anatomical rearrangement of neural cir-
cuits such as these may provide the cellular mecha-
nism by which memories could be stored within a
neural network of connected cells.

In the hippocampus, experimental evidence

suggests that the cellular events underlying LTP are
an essential component of the mechanisms of
memory formation and, to a certain extent, experi-
ments have shown already that biochemical and
morphological changes that occur after the induc-
tion of LTP also occur after learning. Examples of
these include an increase in the release or the po-
tential to release glutamate (Laroche et al. 1987;
Richter-Levin et al. 1995), changes in second mes-
sengers (Laroche et al. 1990a) and kinase activity
(Bank et al. 1988; Olds et al. 1989; Noguès et al.
1994), increase in receptor sensitivity (Tocco et al.
1991), changes in expression of transcription fac-
tors (Tischmeyer et al. 1990; Bertraina and De-
strade 1995; Hess et al. 1995), or changes in effec-
tor genes (Davis et al. 1996). Finally, there is mor-
phological evidence for synaptic reorganization
after learning (Moser et al. 1994; Rusakov et al.
1997) or when rodents have been reared in an en-
riched environment (Sirevaag and Greenough 1988).

Although these data suggest a mechanism for
the encoding of information and the processing of
memories, it is known that memories are not en-
coded at a single synapse. Evidence from several
sources, including neuropsychological findings, ce-
rebral imagery, and lesion and cell recording stud-
ies converge to suggest that memories are encoded
in distributed networks. Early studies of the firing
pattern of cells during learning (e.g., Olds et al.
1972) as well as more recent data derived from
multiple-array electrodes, have suggested that en-
sembles of cells in local circuits in the hippocam-
pus (Wilson and McNaughton 1993; Deadwyler et
al. 1996) or in cortical regions (Kreiter and Singer
1996) engage in synchronous firing in response to
particular stimuli or during certain types of learn-
ing. In addition, physiological data have shown
that certain naturally occurring frequencies of syn-
chronized cell firing may subserve the processing
of information or encode memories through the
hippocampal circuitry during a period of consoli-
dation (Chrobak and Buzsaki 1996) or that the fir-
ing of cell assemblies in spatially separate struc-
tures induced by some form of behavioral activity
can be synchronized to fire in a temporally linked
manner by specific oscillations (Nicolelis et al.
1995; Murthy and Fetz 1996). These data suggest
that spatially distributed cell assemblies together
encode information that lead to the formation of
memories. In addition, they imply the need for
changes in synaptic strength to occur at many syn-
aptic sites along a distributed neural circuit, as il-
lustrated in several neurobiological models of
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memory (Hebb 1949; Wickelgren 1979; Bloch and
Laroche 1984; McNaughton and Morris 1987).

Trans-synaptic LTP is a candidate mechanism
for the propagation of long-term changes in synap-
tic strength within a network. To date, there is very
little empirical evidence to demonstrate trans-syn-
aptic LTP, as LTP is induced routinely and mea-
sured at a single synaptic connection. Berger and
colleagues, however, have shown that induction of
LTP at the first synaptic connection in the hippo-
campus, the perforant path to dentate gyrus syn-
apses, results in a subsequent induction of LTP at
the next connection, the mossy fiber—CA3 syn-
apse (Yeckel and Berger 1990). These data suggest
that initiation of plasticity at one synapse can, in
fact, modify the connections downstream from it,
or in other words, propagate plasticity through a
circuit.

We have investigated potential molecular
mechanisms of synaptic plasticity, and have shown
that genes encoding certain serine/threonine ki-
nases and NMDA and mGluRs receptor subunits
are upregulated locally in the postsynaptic neurons
(Thomas et al. 1994a,b, 1996). These changes are
likely to be implicated in the maintenance of LTP
and the reorganization of synaptic connections at
the site of LTP induction. However, in the postsyn-
aptic neurons, we have also established that the
expression of certain genes encoding presynaptic
vesicle proteins are increased (Smirnova et al.
1993; Hicks et al. 1997). One of these proteins,
syntaxin 1B, has been shown to be important for
the activity-dependent release of neurotransmitter.
It is located in the synaptic membrane and through
its interaction with SNAP25 and synaptobrevin it is
believed to form a core complex that forms an
anchor for a cascade of events to make already
docked vesicles competent for fusion with the
membrane (Broadie et al. 1995; Südhof 1995). It
also lies in close proximity to calcium channels and
through its interaction with synaptotagmin, which
is modified by changes in the local concentration
of calcium, it may stimulate fusion to the mem-
brane and exocytosis (Chapman et al. 1995; Li et al.
1995).

We have shown that the mRNA encoding syn-
taxin 1B is upregulated in the granule cell bodies of
the dentate gyrus following the induction of LTP at
perforant path—dentate gyrus synapses. As the
mRNA encoding this presynaptic vesicle protein is
increased postsynaptically, these data have sug-
gested the involvement of transcription of the gene
encoding syntaxin 1B and translation of the mRNA

in a molecular mechanism mediating trans-synaptic
plasticity (Hicks et al. 1997; Davis and Laroche
1998), where induction of LTP at the input stage of
the hippocampus would propagate a signal beyond
this synaptic connection to induce LTP at the
mossy fiber synapse. Further evidence for this hy-
pothesis was obtained by showing that several
hours after the increase in the mRNA, the actual
protein level was increased at the next synaptic
connection in the mossy-fiber terminal zone (Hicks
et al. 1997). Moreover, quantification of the pro-
tein using a mossy fiber-specific synaptosomal
preparation, showed that the increase in syntaxin
1B content correlates with a functional increase in
the release of glutamate in the same mossy-fiber
terminals (Helme-Guizon et al. 1998). The in-
creases in mRNA levels, in protein content, and in
glutamate release were all LTP-dependent as they
were not expressed if LTP was blocked with an
NMDA-receptor antagonist. These data suggest that
the regulation of syntaxin 1B may play an impor-
tant role in the mediation of trans-synaptic plastic-
ity, and therefore may also be important for propa-
gating plasticity along a network of connected neu-
rons in the laying down of memories.

Proof that synaptic changes occur at succes-
sive, spatially separated regions within a distrib-
uted circuit of connected neurons during learning
is scarce, but examples in support of this hypoth-
esis may be found in experiments showing con-
comitant increases in the capacity for releasing
neurotransmitter at synapses of the three hippo-
campal subregions during learning (Laroche et al.
1987, 1990a), or in the activation of immediate-
early genes in various circuits and structures dur-
ing learning tasks (Beck and Fibiger 1995; Bertraina
and Destrade 1995; Hess et al. 1997). In the latter
cases, however, it is not always easy to link the
observed changes with specific mechanisms of
synaptic plasticity. In a recent study, we have used
quantification of the expression of syntaxin 1B as a
marker of trans-synaptic plasticity to examine
whether this mechanism is activated during learn-
ing and to map regions and circuits in the brain
that express it. We have demonstrated that the
mRNA encoding syntaxin 1B is increased in a task-
and structure-dependent manner in rats trained to
criteria in a spatial reference or working memory
task (Davis et al. 1996). In the rats learning a ref-
erence memory task, we found that the expression
of syntaxin 1B was increased in a region of the
prefrontal cortex, the prelimbic area, that receives
a monosynaptic input from the hippocampus. In
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contrast, rats learning a working memory task
showed an increase in the expression of syntaxin
1B in the three subregions of the hippocampus,
the dentate gyrus and areas CA3 and CA1, but not
in the prefrontal cortex. Furthermore, we have
also shown that the increase in syntaxin 1B, is spe-
cific to certain types of learning as it is not in-
creased in the hippocampus, or the amygdala dur-
ing a contextual fear-conditioning task (Davis and
Laroche 1998). Thus, these results strongly suggest
a role for the regulation in the expression of syn-
taxin 1B in specific neural networks during learn-
ing and a role for trans-synaptic plasticity in these
networks in the establishment of memory traces.
At the same time, however, they also raise other
important questions relating to the dynamics of
this mechanism and exactly which aspects during
the learning process that the increase in expres-
sion of syntaxin 1B is involved in. For example, we
do not know whether the increase in the expres-
sion of syntaxin occurs at the end of each learning
session or only when rats have reached a certain
level of learning; how the task and structure-spe-
cific increases in expression of syntaxin relate to
learning performance; or whether there is a differ-
ential increase in these regions at different time
points during the evolution of learning.

In an attempt to address these questions, we
have now generated data from rats subjected to
different levels of training in either the spatial ref-
erence or working memory task. We have selected
three time points during the course of training—2,
6, and 14 days—the latter being considered over-
training, anticipating that in each group rats would
show different rates of learning and levels of per-
formance.

Materials and Methods

EXPERIMENTAL PROCEDURES

The procedure used in this experiment was
essentially the same as that described by Davis et
al. (1996). In brief, 50 adult male Sprague-Dawley
rats, weighing between 300 and 350 grams, were
used. They were trained in either a spatial-refer-
ence memory task (n = 15), a spatial-working
memory task (n = 15), or a motor-control task
(n = 15). Five rats in each group were killed after
either 2, 6, or 14 days of training. An additional five
rats were used as a caged naive control group. The
rationale for using these three time points was that
individual rats would naturally show a different

rate of learning and a different level of perfor-
mance and this could be compared with the results
from animals killed exactly when they were reach-
ing learning criterion independent of the number
of training sessions (see Davis et al. 1996).

BEHAVIORAL TESTING

All testing was carried out on an eight-arm ra-
dial maze, with the arms radiating from a central
start platform. At the end of each arm was a plastic
food cup, into which a single noyes pellet was
placed. The maze stood 70 cm above the floor and
was maintained at the same orientation in a room
containing several extramaze cues. Following a ha-
bituation period to the maze, rats were assigned to
either the reference-memory, the working-
memory, or the maze control groups. In the refer-
ence-memory group, the same four out of eight
arms were baited with food, and rats used the spa-
tial cues in the room to learn their location. In the
working-memory group, rats had access to only
five of the arms that were selected randomly for
each trial and the correct procedure was to visit
each arm only once. In the maze control group, all
eight arms were baited and as the rat left each arm,
food was replaced in it. Rats were given eight trials
a day and were sacrificed 2 hr after the last trial on
the last day of training. In the reference-memory
task, the rats could make two types of errors: ref-
erence-memory errors or working-memory errors.
They were considered to have made a reference-
memory error if they entered a nonbaited arm, and
a working-memory error if they re-entered a baited
arm. In the working-memory group, re-entries into
arms already visited were considered errors. At the
end of the behavioral experiment, rats were sacri-
ficed by stunning across the chest and decapita-
tion. The brains were removed on ice, frozen, and
stored at −80°C.

IN SITU HYBRIDIZATION

In situ hybridization was performed according
to standard protocols described previously (see
Davis et al. 1996): 14-µm-thick coronal sections
were postfixed in 4% paraformaldehyde in phos-
phate-buffered saline immediately after cutting and
were stored at −80°C. The probe used was a 45-
mer oligonucleotide complementary to syntaxin
1B (Bennet et al. 1992) and was labeled with
[a35S]deoxyadenosine triphosphate (Amersham)
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using terminal deoxynucleotidyl transferase (Pro-
mega). The specific activity following the labeling
was between 1 × 108 and 1 × 109 cpm/µg, and be-
tween 1 × 105 and 3 × 105 cpm were applied to
each slice. Hybridization of the slices was carried
out in Amersham in situ hybridization buffer
supplemented with 40% formamide, 0.1 M dithio-
threitol, 1 mg/ml poly(A)+. Cold controls were car-
ried out to test the probe specificity, hybridizing in
the presence of a 50-fold excess of cold probe. The
slices were exposed to Amersham b-max film for
between 10 and 14 days.

QUANTIFICATION OF mRNAS

Quantification for the amount of syntaxin 1B
mRNA in the hippocampus and cortical regions of
rat brain sections was performed after in situ hy-
bridization on two different image analysing sys-
tems (BIOCOM and SAMBA software from Unilog)
by two independent researchers to ensure replica-
tion of the quantification. Densities of silver grains
were measured from resulting autoradiograms and
were calculated separately for the following re-
gions: dentate gyrus, CA3, CA1, motor cortical
area, parietal cortex, and the prelimbic region of
the prefrontal cortex. Between three and six sec-
tions per rat per region were analyzed and all val-
ues were normalized to values obtained in the cor-
pus callosum on the same brain sections for the
hippocampal regions, and in the fimbria fornix for
the prefrontal cortex. Statistical analysis, using
analysis of variance was carried out on the mean of
the optical density measures from each rat, normal-
ized to the naive controls.

Results

BEHAVIORAL ANALYSES

Figure 1 shows the learning curves of the rats
in the working memory task (Fig. 1A) and the ref-
erence memory task (Fig. 1C). Comparison of the
figures shows that in both groups, performance
increased progressively with training until an as-
ymptotic level is reached after 7–8 days of training.
As shown in Figure 1C, rats in the reference
memory group made many more reference
memory errors than working-memory-type errors.
This, demonstrated by a significant interaction be-
tween days and error types (F(2,26) = 6.94;
P < 0.01), replicates previous results (Davis et al.
1996) and was expected as the working-memory

component of the reference memory task pre-
sented here is learned more easily and rapidly than
the reference memory component. The rats that
were sacrificed after 2 days of training showed
very little improvement of performance in either of
the tasks across these 2 days. For rats trained for 6
or 14 days, however, individual variation in the
amount and rate of learning across animals in each
task was increased. We therefore quantified the
animal’s performance in the radial maze by normal-
izing each individual rats’ daily performance to the
maximum number of errors it made during train-
ing. Thus, for each individual rat the maximum
number of errors is equivalent to 0% learning and
no errors is equivalent to 100% learning. The re-
sulting curves expressing the percent learning
achieved each day in the working and reference
memory tasks, where the calculation is based on
reference memory errors, are represented in Fig-
ure 1, B and D, respectively. The curve fit for the
learning performance is more steep for the rats
learning the reference memory task. In both
groups, however, the group mean level of 85%
learning (±1 S.E.M.) was reached on day 7, suggest-
ing that both tasks were learned in approximately
the same number of training sessions. This analysis
allowed us to correlate the level of expression of
syntaxin 1B in the different structures with indi-
vidual quantitative behavioral data, expressed as
the actual percent of learning achieved at the time
of sacrifice, rather than with the number of train-
ing sessions. To eliminate erratic variation in per-
formance, an individual rat was considered to have
learned the task when its performance was ù85%
level for two consecutive sessions. When this cri-
teria was not reached, the actual level of perfor-
mance was used for the correlational analysis,
whereas in rats that had passed the criteria, the
number of extra training sessions to which they
were submitted before sacrifice equates to the
number of days of overtraining. Subgroups were
also made, based on the percent learning perfor-
mance or the number of days of overtraining (0%–
25%, 25%–50%, 50%–75%, 75%–100% of learning;
1–4 and 4–8 days of overtraining).

EXPRESSION OF SYNTAXIN 1B IN WORKING
MEMORY

Levels of syntaxin 1B expression measured in
the hippocampus and prefrontal cortex in rats that
had attained different levels of learning or over-
training are shown with the data from the motor
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control group in Figure 2 (A and B). As seen in
Figure 2, there was an increase in the expression of
syntaxin 1B in the three regions of the hippocam-
pus during working memory, when rats had at-
tained between 75% and 100% of their maximum
learning performance [dentate gyrus: F(6,23) =
6.68; P < 0.01; CA3: F(6,23) = 4.67; P < 0.01; CA1:
F(6,23) = 5.92; P < 0.01]. The increase was spe-
cific to this level of performance as there were no
significant increases in the expression of syntaxin
1B in the dentate gyrus and areas CA3 and CA1 in
rats at lower levels of learning, or in rats which had
passed their maximal level of learning and were
overtrained (Fig. 2A). By comparison, there was no
significant increase in syntaxin 1B mRNA levels in
animals of the motor control group. As shown in
Figure 2B, in the same rats trained in the working
memory task, the expression of syntaxin 1B
showed a tendency to be elevated in the prefrontal
cortex during the early phases of learning. Al-
though the variability was higher than that in the

hippocampus, the level of expression in the pre-
frontal cortex was significantly greater when com-
pared with the naive group. This increase in ex-
pression, however, was only elevated in rats that
had reached between 0% and 50% of their learning
capacity [F(2,12) = 3.99; P < 0.05]. No change was
seen in the prefrontal cortex in the motor controls
(Fig. 2B). In addition, there was no apparent
change in syntaxin 1B mRNA at any level of learn-
ing or overtraining in the parietal [F(6,23) = 2.05;
P > 0.05] or motor cortices [F(6,23) = 1.69;
P > 0.05; data not shown].

The similarity in the increase in syntaxin 1B
expression in the three hippocampal subregions
and the difference between hippocampus and pre-
frontal cortex was further estimated by a correla-
tional analysis of the levels of increased expression
in the different brain areas measured in individual
rats. As shown in Figure 3, there was a very strong
correlation in the percent change in syntaxin 1B
expression between the dentate gyrus and CA3

Figure 1: The performance of rats learning a working memory task or a reference memory task. (A,C) Total number of
errors made per day by each group. Note that in the reference memory task, both reference (d) and working memory type
errors (s) are represented. (B,D) Rats’ performance across days based on the percent learning, after normalizing each
individual rats’ performance to the maximum number of errors it made (see text). A logarithmic curve is fitted to the data
points in each group. In the reference memory task, the performance level is based on the reference memory element of
the task. The curves represent the pooled data from all rats trained for all different number of sessions.
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(r = 0.96; P < 0.01) and between CA3 and CA1
(r = 0.96; P < 0.01), suggesting that the subregions
of the hippocampus work in concert with each
other (Fig. 3A,B). In contrast, there was no corre-
lation between the increased expression of syn-
taxin measured in the hippocampus and in the pre-
frontal cortex (r = 0.06; P > 0.05), suggesting that
behaviorally induced changes in syntaxin 1B ex-
pression show regional independence between the
hippocampus and the prefrontal cortex (see Fig.
3C).

To examine the nature of the relationship be-
tween performance in working memory and the
level of syntaxin 1B expression further, correla-
tions were examined between individual values of
syntaxin expression and different parameters of
learning. These included percent learning at the
time of sacrifice, the rate of learning and the ‘‘ex-
pected’’ initial number of errors. The last two pa-
rameters were estimated by the slope and y-inter-
cept of the linear regression fitted to the individual
behavioral data after log transformation of the
number of errors made by each individual rat. The
learning parameter determines how fast or slow
individual rats learn the task. Data from all indi-
vidual animals were approximated well by this lin-

ear regression. As suggested already by the corre-
lational analysis between hippocampal subregions
(Fig. 3A,B), the pattern of results was similar for
the dentate gyrus and areas CA3 and CA1 (see also
Fig. 1A), thus only the data for the total hippocam-
pus are represented here. As shown in Figure 4A,
which describes the relationship with individual
levels of performance, there was no clear change
in syntaxin expression when rats were below 50%
of their maximum learning performance. As indi-
vidual rats began to increase their level of learning
beyond 50%, the level of syntaxin increased until
they had reached 100%. The experimental data
were best approximated by fitting a linear regres-
sion (Fig. 4A) in which individual rats’ perfor-
mance and the increase in syntaxin expression be-
tween the point of 50% learning and their maxi-
mum level showed a very high correlation
(r = 0.81; P < 0.01). This was more likely because
of their actual performance than their rate of learn-
ing as there was no correlation between the esti-
mated learning rate parameter (slope of the linear
regression) and the increase in syntaxin expression
(r = 0.02; P > 0.05; see Fig. 4B). In contrast, there
was no apparent relationship between the actual
performance and levels of increase in syntaxin ex-

Figure 2: Changes in expression of syntaxin 1B
in the hippocampal regions (A) and the prelim-
bic region of the prefrontal cortex (B) during the
working memory task. Optical densities (OD)
are normalized to the naive controls (100%) and
are represented in bins of percent learning or
bins of overtraining. The levels of expression of
syntaxin 1B were significantly elevated in the
hippocampus when rats had reached between
75% and 100% of the learning performance (A).
(Open bars) Dentate gyrus; (hatched bars) CA3;
(solid bars) CA1. In the prelimbic region of the
prefrontal cortex, syntaxin 1B mRNA levels were
elevated in the early stages of learning between
0 and 50% of the maximum learning perfor-
mance (B). Note there is no change in the ex-
pression levels of syntaxin when rats are over-
trained. Included in each graph is the level of
expression of syntaxin 1B measured in the same
regions in the motor control group. (*) Syntaxin
expression was significantly increased com-
pared with naive controls.
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pression in the prefrontal cortex (r = 0.45;
P > 0.05; Fig. 4C), but, in contrast to the hippo-
campus, there was a significant correlation be-
tween the levels of syntaxin in the prefrontal cor-
tex and the estimated learning rate parameter
(r = 0.77; P < 0.01; see Fig. 4D). There was no cor-
relation between the increases in syntaxin expres-
sion and the expected initial number of errors, ei-
ther in the hippocampus, or in the prefrontal cor-
tex (r = 0.31 and r = 0.397; P > 0.05; data not

shown). These results suggest that, in the prefron-
tal cortex, the increase in expression of syntaxin
1B is more related to individual learning capacity
expressed during training than to the actual
amount of training received or the level of perfor-
mance reached in the working memory task. Thus,
rats with a higher rate of learning showed more
increase in syntaxin expression in the prefrontal
cortex regardless of whether they were before, at,
or passed the criteria for learning.

EXPRESSION OF SYNTAXIN 1B IN REFERENCE
MEMORY

A similar analysis of the level of expression of
syntaxin 1B and learning was performed on the
data from rats trained in the reference memory
task. Changes in the expression of syntaxin 1B dur-
ing this task present some similarities to the results
obtained in working memory but they present
some major differences also. In the hippocampus,
there was a general increase in the levels of syn-
taxin mRNA in all three subregions at the point
when rats reached between 75% and 100% of their
maximum performance level (Fig. 5A). This in-
crease, however, was much smaller in amplitude
than the increase observed at the same time point
during the working memory task (see Fig. 2A for
comparison) and, compared to the naive controls,
reached statistical significance only in the CA1 re-
gion of the hippocampus [F(5,24) = 2.71;
P < 0.05]. By comparison, and in sharp contrast to
what was observed in working memory, the level
of syntaxin was elevated greatly in the prefrontal
cortex [F(5,21) = 4.84; P < 0.01] when rats had
reached between 75% and 100% of their learning
ability (Fig. 5B). No change in syntaxin 1B expres-
sion was observed early in training or when rats
were overtrained, either in the hippocampal sub-
regions or in the prefrontal cortex (Fig. 5). There
was also no significant change in the levels of syn-
taxin in the parietal (F < 1) and motor (F < 1) cor-
tices (data not shown), and no discernible differ-
ence in syntaxin expression in any of the brain
regions in the motor control group [all hippocam-
pal regions: F < 1, Fig. 5A; prefrontal cortex:
F(1,162) = 3.5; P > 0.05, Fig. 5B; parietal cortex:
F(1,155) = 2.97; P > 0.05; motor cortex: F(1,155)
= 2.62; P > 0.05].

Although the levels of syntaxin 1B mRNA were
not increased significantly in the dentate gyrus and
CA3 the tendency to be elevated was strong (Fig.
5A) such that there was a significant correlation in

Figure 3: Relationship between the changes in expres-
sion of syntaxin 1B in the different brain regions in rats
that had learned the working memory task. There was a
strong correlation between syntaxin expression in the
dentate gyrus and CA3 (A), between CA3 and CA1 (B)
but not between the whole hippocampus and the pre-
frontal cortex (C). The graphs represent syntaxin 1B
mRNA levels, from individual rats, normalized to naive
controls.
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the percent change in syntaxin expression be-
tween the dentate gyrus and CA3 (r = 0.83;
P < 0.01; Fig. 6A) and between CA3 and CA1
(r = 0.88; P < 0.01; Fig. 6B). In contrast to what
was observed in working memory, however, there
was also a strong correlation between the increase
in expression of syntaxin 1B in the hippocampus
and in the prefrontal cortex (r = 0.76; P < 0.01;
Fig. 6C), indicating that both structures may be
acting in concert during the reference memory
task.

To determine whether the increase in syntaxin
1B expression in the hippocampus and prefrontal
cortex was correlated specifically with certain pa-
rameters of learning, a similar analysis as that done
in working memory was undertaken with the data
obtained in the reference memory groups. In the
hippocampus, the individual point plot in Figure
7A shows that the increase in syntaxin 1B expres-
sion occurred almost exclusively when rats were at
or near the brink of learning. The increased expres-
sion between the point of 60% learning and when
the rats had reached their maximum level showed
a linear tendency with the amount of learning at
the time of sacrifice (Fig. 7A), but the correlation
was not strong and did not reach significance
(r = 0.60; P > 0.05). The lack of a significant cor-

relation is probably because the increase was only
observed reliably in rats that were very close to
maximum learning. There was no apparent rela-
tionship with either the estimated learning rate pa-
rameter (r = 0.12; P > 0.05; Fig. 7B) or the ex-
pected initial number of errors (r = 0.08; P > 0.05;
data not shown). Thus, the increase in syntaxin 1B
expression in reference memory was much smaller
than that observed in working memory. The gen-
eral temporal pattern of increase however was
similar to that observed in working memory, with
the exception that it was more sharply related to
the point at which rats were approaching their
maximal level of learning.

The results in the prefrontal cortex were dif-
ferent qualitatively and quantitatively from those
observed during the working memory task. In ref-
erence memory, there was an increase in the later
stages of learning which showed a very sharp lin-
ear relationship with the amount of learning
(r = 0.69; P < 0.05; Fig. 7C), whereas there was no
significant correlation with the expected initial
number of errors (r = 0.21; P > 0.05) and the cor-
relation with the estimated learning rate parameter
(Fig. 7D), although statistically significant
(r = 0.49; P < 0.05), was much lower than with the
level of performance. Thus, in reference memory,

Figure 4: The relationship between
learning in the working memory task and
expression of syntaxin 1B in the hippo-
campus (A,B) and in the prefrontal cortex
(C,D). In the hippocampus, when rats were
between 0 and 50% of their maximum per-
formance, there was no change in the ex-
pression of syntaxin 1B. However, when
they had attained more than 50% of the
learning performance, there was a strong
linear increase in the levels of expression
of syntaxin until rats had reached their
maximum level of performance (A). This
was related strictly to their performance
and not their ability to learn as there was
no correlation between syntaxin expres-
sion and the learning rate parameter (B). In
direct contrast, expression of syntaxin 1B
in the prefrontal cortex and performance in
learning showed no relationship (C) but
there was a strong correlation between the
increase in syntaxin 1B expression and the
learning rate parameter (D). Correlations
are based on the values of syntaxin 1B
mRNA levels from individual rats, normal-
ized to the naive controls.
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the increase in the expression of syntaxin 1B in
both the hippocampus and prefrontal cortex is bet-
ter correlated with the level of performance and
associated sharply with the highest level of perfor-
mance when rats are close to reaching the brink of
learning. This similarity reinforces the suggestion
that the two structures work in concert at a spe-
cific phase of learning the reference memory task.

Discussion

Based on our previous work in which we have
shown that regulation in the expression of syn-
taxin 1B is a candidate mechanism for trans-synap-
tic plasticity, our aim in these experiments was to
use this marker to ascertain whether this form of
synaptic modification occurs in the hippocampus
and the prefrontal cortex of rats when they have
attained different levels of learning in a spatial
working memory or a spatial reference memory
task. The rationale for measuring syntaxin in the
hippocampus and the prelimbic area of the pre-
frontal cortex was threefold: (1) It has been shown
that there is a monosynaptic connection between

the two structures (Jay and Witter 1991) and this
pathway supports NMDA-receptor-mediated LTP
(Laroche et al. 1990b; Mulder et al. 1993; Jay et al.
1995). (2) Changes in synaptic efficacy occur in
both structures during the acquisition of certain
learning tasks, but the increase in synaptic efficacy
is delayed and occurs mostly in overtraining in the
hippocampal-prefrontal cortex pathway (Doyère
et al. 1993). (3) In our original findings, we showed
a differential increase in syntaxin 1B expression in
the prefrontal cortex and the hippocampus during
a working and a reference memory task (Davis et
al. 1996).

The main finding of this experiment is the
specificity of the time at which levels of expression
of syntaxin were increased in the hippocampus
and prefrontal cortex during the course of learning
a reference memory task and in the hippocampus
during the course of learning a working memory
task. Remarkably, the increase in the expression of
syntaxin occurred only when rats had reached be-
tween 75% and 100% of their maximal learning
performance, a result in accordance with our pre-
vious suggestion that syntaxin expression is in-

Figure 5: Changes in expression of syn-
taxin 1B in the hippocampal regions (A) and
the prelimbic region of the prefrontal cortex
(B) during the reference memory task. Op-
tical densities (OD) are normalized to the
naive controls (100%) and are represented
in bins of percent learning or bins of over-
training. Although the levels of expression
of syntaxin were elevated in the hippocam-
pus when rats had reached between 75%
and 100% of the learning performance, it
only reached a level of significance in the
CA1 region (A). (Open bars) Dentate gyrus;
(hatched bars) CA3; (solid bars) CA1. In the
prelimbic region of the prefrontal cortex,
the levels of syntaxin expression at this time
was also significantly elevated (B). This in-
crease in syntaxin 1B expression had dimin-
ished by the time rats began to be over-
trained in the task. Included in each graph is
the level of expression of syntaxin 1B mea-
sured in the same regions in the motor con-
trol group. (*) Syntaxin expression was sig-
nificantly increased compared with naive
controls.
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creased when rats are on the brink of learning
(Davis et al. 1996). In these current experiments,
we confirm this specificity by showing there is no
change in syntaxin expression in the early phases
of learning, with the exception of a change in the
prefrontal cortex during working memory, and af-
ter this critical period of learning, when rats were
overtrained, the increased levels of expression
drop rapidly. The strength of these findings lie in
the individual correlations between the learning

performance and the increase in the expression of
syntaxin, in which we were able to determine a
more defined window of learning in which syn-
taxin 1B is implicated. In the hippocampus, during
the working memory task, as soon as rats had
reached >50% of their maximal learning perfor-
mance, they began to show an increase in syntaxin
expression and there is a strong linear correlation
with the actual level of performance. In the pre-
frontal cortex and, to a lesser extent, in the hippo-
campus, a similar linear correlation between the
increase in the expression of syntaxin and learning
performance was observed during the reference
memory task but this was more sharply increased
when near maximal performance was reached.

The importance of this result is that syntaxin is
not increased at all levels of learning. This suggests
that it neither reflects a generalized increase in
neural activity that is transiently and possibly re-
peatedly occurring at the end of each learning ses-
sion, nor that it is necessary after the learning has
been achieved. By the nature of its restricted win-
dow of activation, it suggests that syntaxin may be
instrumental in helping to stabilize the memory
trace for a learned event within a neural circuit.
There is to our knowledge very little evidence re-
lating to the involvement of this gene in learning,
however, there have been several reports showing
the genes encoding the transcription factors c-fos
(Beck and Fibiger 1995; Bertaina and Destrade
1995; Hess et al. 1995) and zif-268 (Fordyce et al.
1994) are activated during different forms of learn-
ing. Thus, our data find support from these experi-
ments that show part of the neural mechanisms
underlying the processing of information during
learning requires the activation of the transcrip-
tional machinery. The increase in c-fos during
learning has been shown in several regions of the
brain, and in addition to learning, c-fos is also ac-
tivated, although to a lesser extent, in the control
groups that are submitted to the task without learn-
ing (Bertaina and Destrade 1995; Hess et al. 1995)
as well as in response to sensorimotor input,
arousal, or stress (Hughes and Dragunow 1995)
and general cell activity that occurs during learning
or exploration (e.g., see Handa et al. 1993; Zhu et
al. 1995, 1996). In our experiments, we found no
discernible change in syntaxin 1B expression in
the motor or parietal cortices and negligible
changes in animals of the motor control group that
were submitted to a similar sensory and motor ex-
perience. The gene encoding syntaxin is regulated
by the induction of LTP and is specific to LTP as it

Figure 6: Relationship between the changes in expres-
sion of syntaxin 1B in the different brain regions in rats
that had learned the reference memory task. There was
a strong correlation between syntaxin expression in the
dentate gyrus and CA3 (A), between CA3 and CA1 (B)
and also between the whole hippocampus and the pre-
frontal cortex (C). The graphs are values of syntaxin 1B
expression from individual rats, normalized to naive
controls.
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is not upregulated if LTP is blocked by an NMDA-
receptor antagonist (Hicks et al. 1997). The in-
crease in the expression of syntaxin 1B in learning
is thus a further argument to suggest that LTP-like
mechanisms occur during learning. We have estab-
lished that regulation in the expression of syntaxin
is a strong candidate mechanism for mediating
trans-synaptic plasticity in the hippocampal cir-
cuitry (Hicks et al. 1997) and the upregulation of
the gene leads to an increase in protein content
and in the potential for the release of glutamate at
the next synaptic connection, downstream from
the site of LTP induction (Helme-Guizon et al.
1998). As it has been demonstrated that glutamate
release is increased following the induction of LTP
in the dentate gyrus (Dolphin et al. 1982; Bliss and
Collingridge 1993) and in both the dentate gyrus
and the CA regions of the hippocampus after learn-
ing (Laroche et al. 1987, 1990a; Richter-Levin et al.
1995), these data suggest that regulation of syn-
taxin expression may contribute to the learning-
dependent increase in the capacity of hippocampal
synapses to release glutamate and hence may at
least in part underlie changes in synaptic function
during learning.

In terms of what aspects of learning syntaxin
may be implicated in, we have described how it is
correlated strongly with the actual learning perfor-
mance, both in the hippocampus during working
memory and in the hippocampus and the prelim-
bic area of the prefrontal cortex during the refer-
ence memory task. However, we also found a
trend towards a correlation between the levels of
expression of syntaxin and the ability to learn. The
ability of rats to learn the task, or in other words
whether they are fast or slow learners, was deter-
mined from the learning rate parameter. By corre-
lating this parameter with changes in syntaxin ex-
pression, we found that fast learners, regardless of
whether they were learning a working or a refer-
ence memory task, show a higher level of learning-
induced increase in expression in the prefrontal
cortex. In contrast, such a trend was not found in
the hippocampus. This indicates that better learn-
ers may have a greater potential for regulation of
syntaxin in the prefrontal cortex, a hypothesis that
would require further experimental testing.

A related question concerns how syntaxin may
be involved in the processing of information nec-
essary for learning, and, as a marker of trans-syn-

Figure 7: The relationship between
learning in the reference memory task and
expression of syntaxin 1B in the hippo-
campus (A,B) and in the prelimbic area of
the prefrontal cortex (C,D). In the hippo-
campus, when rats were between 0 and
60% of their maximum performance, there
was no change in the expression of syn-
taxin 1B, but, when they had attained
>60% of the learning performance there
was a trend towards a linear increase in the
levels of expression of syntaxin until rats
had reached their maximum level of per-
formance (A), however this correlation
failed to reach a level of significance.
There was no correlation between syntaxin
expression and rats’ ability to learn (B). In
the prefrontal cortex there was a strong lin-
ear correlation between syntaxin 1B ex-
pression and performance. The correlation
was much sharper than that observed in
the hippocampus. Rats did not start to
show an increase in the expression of syn-
taxin until they had reached >70% of their
maximum learning performance (C). In
contrast to the hippocampus, there was
also a correlation between the level of expression of syntaxin in the prefrontal cortex and the ability of rats to learn the task
(D). Correlations are based on the values of syntaxin expression from individual rats, normalized to the naive controls.
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aptic plasticity, whether the increase in syntaxin
expression in the hippocampus and the prefrontal
cortex may somehow reflect the transfer of infor-
mation from one structure to the other after a pe-
riod of consolidation during the reference memory
task. Although in general it appears that syntaxin
1B expression is increased in the prefrontal cortex
during the reference memory task and in the hip-
pocampus during a working memory task, it is not
a simple dissociation, as there is some form of in-
teraction between the two structures during the
reference memory task. This is indicated strongly
by the concomitant increase in both structures and
the very high individual correlation in the changes
observed in hippocampal and prefronto-cortical
structures in the reference memory task. Theoreti-
cal and experimental evidence suggest that hippo-
campal and neocortical networks form a unique
functional memory system in which a critical role
for the hippocampus has been postulated in direct-
ing and organizing cortical representations (Wick-
elgren 1979; Teyler and DiScenna 1986; Damasio
1989; Mishkin 1990; Squire and Alvarez 1995). Par-
ticular emphasis in this context has been placed in
hippocampo-prefrontal interactions (Goldman-Ra-
kic 1987; Miller 1991; Doyère et al. 1993). In the
reference memory task, although no time-depen-
dent relation in the increased levels of syntaxin 1B
expression was observed between the hippocam-
pus and the prefrontal cortex, there was a synchro-
nized correlation in the expression levels of syn-
taxin in the two regions during the critical period
of learning that strongly reinforces the suggestion
that the two structures work in concert and may
bind into a functional unit (see Wickelgren 1979)
at a specific phase of learning.

In summary, these data are consistent with the
type of dynamics that may be expected from learn-
ing-induced trans-synaptic plasticity within neural
networks during different spatial learning tasks.
Most importantly, they show that syntaxin is impli-
cated in learning either a reference or a working
memory task, at a critical point in learning, and
establish that there is a strong correlation between
the increase in syntaxin 1B expression and perfor-
mance in these tasks. During the learning of a ref-
erence memory task, there is activation within a
widespread network that includes the hippocam-
pus and at least the prelimbic region of the pre-
frontal cortex, and as shown previously, areas of
the nucleus accumbens (Davis et al. 1996),
whereas in the working memory task this network
is more restricted to the hippocampus, although

we cannot dismiss the possibility that other struc-
tures, including the septo-hippocampal circuit,
may be involved. As a mechanism involved in trans-
synaptic plasticity, it is our hypothesis that regula-
tion of syntaxin expression plays a role in stabiliz-
ing a memory trace within these networks or cell
assemblies. The establishment of this form of syn-
aptic modification would thus render the network
readily available to be activated by a much reduced
level or more sparsely distributed input. Although
it will be important in further experiments to ex-
amine the time-course of expression of the protein
during learning, the mechanism described here at
the mRNA level does not indicate a long-lasting,
stable change such as the increase in spine density
(Moser at al. 1994) or rearrangement of synaptic
connections (Rusakov et al. 1997) observed several
days after learning, but a temporarily restricted
mechanism more likely to be implicated in the
learning process itself. This does not rule out the
possibility that this is one of the potential molecu-
lar mechanisms necessary for the formation of new
synapses or for stabilizing changes in existing syn-
apses. This being the case, our results show that
the initiation of this process is associated closely
with the progress of learning. We suggest that re-
curring firing patterns of connected cells are stabi-
lized progressively during learning via a mecha-
nism of trans-synaptic plasticity acting to configure
a specific distributed circuit encoding the memory
trace. Although the general idea that memory is
encoded in distributed patterns of modified con-
nections within widespread circuits is accepted
widely, there are two conceptually different views
of how cellular changes may occur all along a net-
work of connected neurons. The first view holds
that synaptic plasticity would occur almost inde-
pendently at each step in the network, mostly re-
lying on whether a certain coactivation threshold
is reached. A contrasting view, however, would
require a level of dependence in which the induc-
tion of a synaptic change at one point in the net-
work would in itself be instrumental in—or pro-
mote—the induction of synaptic changes down-
stream from it. Our results on the involvement of
the regulation of syntaxin expression in trans-syn-
aptic plasticity together with the present findings
in learning favor the second view, suggesting that
the occurrence of plasticity at the input stage of
the hippocampus contributes directly to the induc-
tion of changes downstream in hippocampal cir-
cuitry during the learning of spatial working and
reference memory tasks, and in more widespread
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hippocampo-cortical networks during reference
memory.
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