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Structural synaptic changes have been suggested to underlie
long-term memory formation. In this work, we investigate if
hippocampal mossy fiber synaptogenesis induced by water
maze overtraining can be related with long-term spatial mem-
ory performance. Rats were trained in a Morris water maze for
one to five identical daily sessions and tested for memory
retrieval 1 week and 1 month after training. After the last test
session, the rat brains were obtained and processed for Timm’s
staining to analyze mossy fiber projection. The behavioral re-
sults showed that with more training, animals showed a better
performance in the memory tests, and this performance posi-
tively correlates with Timm’s staining in the stratum oriens.
Furthermore, with the use of the NMDA antagonist MK801

before, but not after acquisition, water maze spatial memory
was impaired. Increased Timm’s staining in the stratum oriens
was observed in the animals treated with MK801 after acquisi-
tion but not in those treated before. Finally, we observed that
mossy fiber synaptogenesis occurs mainly in the septal region
of the dorsal hippocampus, supporting the idea that this ante-
rior region is important for spatial memory. Altogether, these
results suggest that mossy fiber synaptogenesis can be related
with spatial long-term memory formation.
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Learning and memory result from changes in the neural repre-
sentation of stimuli (Dudai, 1989) through plastic events that
modify the way neurons communicate with each other (Bear,
1996). Plastic events can include changes in the structure, distri-
bution and number of synapses, and it has been suggested that
these morphological changes underlie memory formation (Rusa-
kov et al., 1997; Woolf, 1998; Klintsova and Greenough, 1999).
The hippocampus plays a crucial role in the performance of
spatial tasks, and the activity of its cells has been suggested to be
related with spatial representation (Nadel and Eichenbaum,
1999). This structure is particularly plastic, where morphological
changes such as synaptogenesis and neurogenesis occur in the
adult brain (Ben-Ari and Represa 1990; Derrick et al., 2000). For
example, mossy fiber synaptogenesis has been observed after
kainate-induced epilepsy (Wuarin and Dudek, 1996) and kindling
(Van-der-Zee et al.,, 1995). Moreover, it has been observed that
high-frequency stimulation-inducing LTP produce mossy fiber
synaptogenesis (Adams et al., 1997; Escobar et al., 1997). There
is evidence suggesting that hippocampal synaptogenesis might
occur in association with spatial memory formation. Becker et al.
(1996) demonstrated that neural cell adhesion molecule polysia-
lylation (NCAM-PSA), which allows structural plasticity, is nec-
essary to improve performance of water maze task; also, changes
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in the distribution of synapses were demonstrated in CA1l after
the animals underwent Morris water maze training (Rusakov et
al., 1997).

Recently, we found evidence suggesting that overtraining ani-
mals in a Morris water maze task induces mossy fiber synapto-
genesis in CA3 stratum oriens using Timm’s staining (Ramirez-
Amaya et al., 1999). Timm’s staining reveals the presence of zinc,
and because this metal is highly concentrated in the mossy fiber
boutons, the distribution of mossy fiber contacts can be observed
by Timm’s-stained granules using the light microscope. Mossy
fiber projections to the CA3 region regularly establish their syn-
aptic contacts in the stratum lucidum located in the apical region
of the pyramidal cell layer. In the stratum oriens (basal region of
the pyramidal cell layer) scarce mossy fiber synaptic contacts are
found, so substantial increments of mossy fiber boutons to the
stratum oriens can be considered as synaptogenesis (Ben-Ari and
Represa, 1990). Furthermore, the induction of new synapses is
observed mainly in animals that underwent several training ses-
sions, suggesting that mossy fiber synaptogenesis could be related
with spatial memory.

To establish the relevance of mossy fiber synaptogenesis for
spatial memory, we evaluate long-term spatial memory perfor-
mance of water maze-trained animals by testing them at 7 and
30 d after training. The performance of the animals in the
memory test was correlated with Timm’s staining observed in
CA3 stratum oriens. To produce a pharmacological blockade of
the spatial learning, the NMDA antagonist MK801 was applied
before acquisition of water maze and immediately after, to test
the possible effects of this drug on mossy fiber synaptogenesis
using Timm’s staining analysis. Furthermore, mossy fiber synap-
togenesis distribution throughout the septotemporal axis of dor-
sal hippocampus was studied in serial hippocampal sections.
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MATERIALS AND METHODS

Subjects. Fifty-one Male Wistar Rats obtained from the “vivarium” of
our Institute were individually caged in standard rat acrylic boxes and
used for the experiment when within a weight range of 250-300 gm. All
animals were kept in the same room with an average temperature of
22°C, food and water was provided ad libitum, and animals were main-
tained under a inverted 12 hr light/dark cycle, with lights on at 8:00 A.M.

Experimental groups. The animals were separated into five groups that
underwent water maze training, and the last two were kept as controls.
The first five groups of animals received one (WM1; n = 5), two (WM2;
n =5), three (WM3; n = 5), four (WM4; n = 5), and five (WMS; n =
6) days of training. One group of swimming control was used (SC; n = 5),
in which the animals were introduced into the tank containing no
platform, without illumination and with all spatial cues removed. The
animals in this group were allowed to swim for 1 min and were intro-
duced three times a day. This procedure was repeated for 5 d, allowing
them to swim a similar average distance as that of the trained animals. In
the last group, the intact control (IC; n = 6) animals remained in their
home cages for the entire experiment.

To evaluate the effects of intraperitoneal administration of the NMDA
antagonist MK801 during and after acquisition of spatial learning as well
as on mossy fiber synaptogenesis, two additional groups were used. These
groups of animals underwent 5 d of training and received intraperitoneal
injections of MK801 (0.05 mg/kg, diluted in 500 ul of distillated water;
Research Biochemicals, Natick, MA) either 15 min before (MKB; n = 7)
or immediately after (MKA; n = 7) water maze training each day. One
animal that presented motor problems (hyperactivity) during water maze
task was discarded from the study of the group MKB. The WMS5 animals
from the first experiment were used for comparison analysis.

Water maze training. The behavioral task was performed in a water
maze consisting of a circular pool tank measuring 1.50 m in diameter and
1.0 m high with a black floor and walls with a transparent acrylic platform
located in a fixed position and submerged 1 cm under the water. The
water maze tank is located in a separate dark room, illuminated by dim
light, and surrounded by several spatial cues. The swimming paths of the
animals were recorded by using a chromotrack system (San Diego In-
struments). The training of the animals in the water maze consisted of 1,
2, 3, 4, or 5 identical daily sessions of 10 trials each. In each trial, the
animal was introduced into the pool at different starting points for each
trial up to a total of 10 trials per day (Nerad et al., 1996). The animal was
allowed to swim for a maximum of 60 sec or until it located the platform
and was allowed to stand on the platform for 30 sec, after which the
animal was placed in a waiting cage for 30 sec. If the animal did not find
the platform within the time limit, it was led to it by hand. Most of the
animals learned well in the first training session, but the asymptotic level
for the variable (latency to the target) was not obtained until the third or
fourth day session. Thus, any further training after the asymptotic level
for latency scores was reached was considered as overtraining. Trained
animals were tested in the tank 7 and 30 d after training; the test
consisted of introducing the animals in to the tank using the first release
point, with the platform removed. The animals were allowed to swim for
2 min. The path swum by the animals was recorded as described above,
and the latency to the target, as well as the number of crossings over the
target area, were used as dependent variables for analysis.

Timm staining. All animals were killed the next day after the last test
session. The animals were put to sleep with an overdose of sodium
pentobarbital (Sedal-Vet TM). Sodium sulfide solution (5.85 gm of NaS
and 5.95 gm of NaH,PO, in 500 ml of distillated water) was used as the
first perfusion solution to remove blood (~100-150 ml/animal). Para-
formaldehyde solution at 4% with 1% glutaraldehyde, pH 7.4, was used
as the fixative (two animals were lost because of bad sulfide solution
perfusion; one from group WM1 and one from IC). The brains were
removed from the skull and immersed in the fixative for 5-10 hr, after
which the brains were immersed in 30% sucrose solution (diluted in PB,
pH 7.4). Several days later, when the brains sank into the sucrose
solution, 40-um-thick slices of the completely dorsal hippocampus were
serially obtained using a cryostat microtome. Timm’s revealing method
consists of submerging the tissue in a dense solution made of Arabic gum
(60% diluted 1:2 in distillated water), hydroquinone (30% diluted 5.67
¢gm/100 ml in distillated water), and silver nitrate (1%, 170 mg/ml in
distillated water) in a 4.0 pH (9% of citrate buffer 12.75 gm of C4H3O,
and 11.75 gm of C¢H5O,Na; in 50 ml of distilled water). The tissue was
exposed for ~1 hr (+ 15 min). After the exposure, the tissue was run into
an alcohol train (50, 70, 80, 90, 100% diluted in distilled water) and
isopropanol, terpineol, and xilol. The brain tissues were covered with
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Figure 1. Water maze performance during acquisition of animals that

received 1, 2, 3, 4, or 5 d of training. Each point is the average latency to
the target for two consecutive trials that have the same average distance
to the target area than any other pair of trials. Each day presents five pairs
of trials.

crystal sheets using Canadian balsam. The presence of Timm’s-stained
granules in the stratum oriens was evaluated using image densitometry.
The slices were carefully examined under light microscopy and classified
into five different levels, ranging from the most anterior (1) to the most
posterior (5) dorsal hippocampus using the morphological features of the
dentate gyrus as reference (see Fig. 6). Six coronal sections from the
dorsal hippocampus were selected: three from level 2, and three from
level 3 (see Figs. 6 and 10). The stratum oriens of this section was
digitized by a camera (model ¢2400; Hamamatsu, Tokyo, Japan) con-
nected to an optical microscope (labophot-2; Nikon, Tokyo, Japan), after
which they were equalized by the application of the same contrast and
brightness parameters (Adobe Photoshop 5.0), and then analyzed by
using image analysis software (Scion Image; Scion Corporation, Freder-
ick, MD). The surface area with an optical density range between 120
and 255 points in a black and white scale (the same range of Timm’s
staining in the stratum lucidum) occupied by Timm’s granules in the
stratum oriens, was measured in each image, so each animal brain
obtained six right and six left measures. The mean area from these 12
measures was obtained for each animal to compare the different groups.

Statistical analysis. Repeated measures ANOVA, one-way ANOVA
with Fisher post hoc, and Pearson’s correlation were used as appropriate.

RESULTS

Overtrained animals performed better in memory test

Repeated measures ANOVA of the latency to reach the platform
during water maze acquisition showed significant differences
through trials in day 1 (Fo35 = 23.443; p < 0.001), day 2
(Fo27) = 18.259; p < 0.001), and day 3 (F(o 15, = 6.802; p < 0.01)
and no significant difference among groups with no interaction in
all trained groups. Finally, there were no differences through
trials for the last two days (days 4 and 5) with no group differences
and no interaction. Differences through trials are considered as
the learning curve and imply that trained animals improve per-
formance in that session. When performance of the animals is
stabilized in the asymptotic level, further training is considered as
overtraining, so WM4 and WMS5 animals are the overtrained
groups (Fig. 1).

Water maze test results showed that there were significant
differences between groups in the latency (F(s,s) = 9.750; p <
0.01) as well as in the number of crossings through the target area
at 7 d after training (F s »5) = 16.616; p < 0.01), revealing that the
amount of training is an important factor determining memory
performance 7 d after acquisition (Fig. 2). Post hoc Fisher anal-
ysis of the latency to reach the target showed significant differ-
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Figure 2. Memory test scores at 7 d after acquisition. The fop of the
figure shows latency to the target of trained animals for 1, 2, 3,4, and 5 d
(WM) and swimming control animals (SC). The middle shows represen-
tative swimming paths during 1 min test without the platform. Bottom,
The number of crossings over the target are during 1 min test. *p < 0.05,
**p < 0.01 compared with the SC.

ences in WM4 and WMS5 when compared with the rest of the
groups in the test done 7 d after training ( p values < 0.01), and
the group trained for 2 d showed significant differences when
compared with the SCs (p values < 0.05). For the number of
crossings, post hoc analysis revealed that WMS5 and W M4 groups
crossed the target area significantly more than the rest of the
groups (p values < 0.01). When the animals were tested 30 d
after training (Fig. 3), simple ANOVA revealed significant dif-
ferences between groups in the latency (F s »sy = 2.805; p < 0.05)
and in the number of crossing to the target area (Fs sy = 6.170;
p < 0.01). Post hoc analysis on the latency revealed that only
WM4 presented differences when compared with the SC, WM1,
and WM2 groups (p values < 0.05). For the number of crossings,
WMS and WM4 showed significant differences compared with
the SC (p < 0.01 and p < 0.05, respectively). This data reveals
that animals trained for 4 and 5 d recall the spatial location of the
platform significantly better than the rest of the groups.

NMDA antagonist blocked acquisition of spatial task

As can be seen in Figure 4, repeated measures ANOVA done on
latency to the target during water maze acquisition of MK801-
treated animals showed significant group differences during the
first 4 d; day 1 (F(2,17) = 20.922; p < 0.01), day 2 (F,,,7, = 6.103;
p <0.05), day 3 (F (5,7, = 14.407; p < 0.01), and day 4 (F (5,7, =
19.795; p < 0.01). Also, there were differences through trials for
all the days; day 1 (Fq 5y = 8.999; p < 0.01), day 2 (Fo 5y =
7.226; p < 0.01), day 3 (F (g 15, = 4.519; p < 0.01), day 4 (F9 15y =
3.946; p < 0.01), and day 5 (F(o,5, = 2.441; p < 0.05) with no
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Figure 3. Memory test scores at 30 d after acquisition. The fop of the
figure shows latency to the target of trained animals for 1, 2, 3,4, and 5 d
(WM) and swimming control animals (SC). The middle shows represen-
tative swimming paths during 1 min test without the platform. Bottom,
The number of crossings over the target are during 1 min test. *p < 0.05,
**p < 0.01 compared with the SC.

60 7]

in sec (:SEM)
W
= S

Mean latency to the target
N
e

Dayl' l 'Dlay2 I Day?)' [ 'Day4 l Day5

Figure 4. Water maze performance during acquisition of animals that
received 5 d of training (WMJ5) and animals with the same amount of
trained but treated 15 min before (MKB) or immediately after (MKA)
with 0.05 mg/kg of MK801. Each point is the average latency to the target
for two consecutive trials that have the same average distance to the target
area than any other pair of trials. Each day presents five pairs of trials.
*p < 0.05, **p < 0.01 compared with WMS.

significant interaction. The animals in which MK801 was admin-
istered before acquisition (MKB) presented an impaired acqui-
sition during the first 2 d because there were no significant
learning curves at day 1 (Fs9, = 1.051; p = 0.4134) and day 2
(Fo0 = 1.779; p = 0.0938). At days 3 and 4, the latency to the
target showed statistical differences through trials (F o, = 2.560;
p <0.05 and F 4 9y = 3.237; p < 0.01, respectively), indicating that
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Figure 5. Memory test scores at 7 (left) and 30 (right) d after acquisition.
The top of the figure shows latency to the target from 5 d-trained animals
(WM5) and 5 d-trained animals receiving MK801, 15 min before (MKB)
or immediately after (MKA) water maze training. The middle shows
representative swimming paths during 1 min test without the platform.
The bottom shows the number of crossings over the target are during 1
min test. *p < 0.05, **p < 0.01 compared with WMS5.

in those days learning occurred in MKB animals. Nevertheless,
the group differences remained, revealing a disrupted perfor-
mance on water maze training by the administration of MK801
before acquisition. At day 5, there were no more group differ-
ences (F, 7 = 2.276; p = 0.13), and MKB animals reached the
asymptotic level of performance in the water maze task. Con-
versely, MK801 administered after acquisition (MKA) did not
affect consolidation of the spatial task. MKA animals showed
significant decreased latencies to reach the target through trials at
day 1 (Fgoy = 5.445; p < 0.01) and day 2 (Fs0y = 5.288; p <
0.01); no differences were found from days 3-5. This indicates
that the MK A animals reach the asymptotic level of performance
at day 3, showing no effect of MK801 administration in spatial
memory consolidation.

In the memory test done 7 d after training, (Fig. 5) simple
ANOVA showed significant group differences in the latency
(F2,17) = 6.185; p < 0.01) and the number of crossings to the
target area (F(,,7, = 10.748; p < 0.01). At 30 d after training
significant differences were found in the latency (F5 7, = 7.518;
p < 0.01) and the number of crossing to the target area (F, ;) =
18.026; p < 0.01). The MK801 applied before the acquisition
clearly disrupts water maze memory test (Fig. 5). The animals
from MKB group showed significantly less crossings and longer
latency to the target area at 7 or 30 d after training compared with
MKA and WMS5 groups (p values < 0.01). This evidence re-
vealed that MK801 administration disrupts acquisition and reten-
tion of the water maze task. Finally, when MK801 was applied
after the learning trials, the memory scores remained intact
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indicating that MK801 applied after acquisition did not affect
retention of the spatial task.

Mossy fiber synaptogenesis correlates with spatial
memory performance

As previously reported, Timm’s staining revealed mossy fiber
synaptogenesis in the stratum oriens of animals that were over-
trained in the Morris water maze, whereas the stratum oriens of
swimming and intact control animals presented scarce Timm’s-
stained granules (Fig. 6). Simple ANOVA on the average of
Timm’s-positive surface area determined by quantitative densi-
tometry analysis (Fig. 7) revealed significant differences between
groups (F sy = 8.031; p < 0.01). Animals in groups WM4 and
WMS presented significantly more stained area in the stratum
oriens when compared with controls (IC, SC, p values < 0.01) and
when compared with the other trained groups (WM1, WM2, p
values < 0.01; WM3, p < 0.05, respectively). No statistical dif-
ference was observed between WM4 and WMS. This data sug-
gest that mossy fiber synaptogenesis occurred mainly in the ani-
mals that were overtrained in the Morris water maze for 4 or 5 d
and not in animals that received less training (WM3, WM2, and
WML1) or no spatial training at all (SC and IC).

To establish if mossy fiber synaptogenesis can be related with
memory performance, Pearson’s correlation was performed be-
tween the average of Timm’s-stained area and the latency, or the
number of crossings over the target area during the test days.
Only the trained animals were included in this analysis (WM1,
WM2, WM3, WM4, and WMS5). The analysis revealed a signif-
icant negative correlation between the latency to the target and
Timm’s staining area in the stratum oriens in the test done at 7 d
(—0.617; p < 0.01) but not at 30 d after training. Furthermore, the
number of crossings to the target area and the Timm’s-stained
area showed positive correlation for the test done at 7 d (C =
0.566; p < 0.01) and 30 d (C = 0.564; p < 0.01) after training. This
evidence suggests a functional relation between mossy fiber syn-
aptogenesis and spatial memory performance.

NMDA antagonists blocked synaptogenesis

Simple ANOVA on mossy fiber staining analysis revealed signif-
icant differences between groups (F 4,4y = 7.392; p < 0.01). Post
hoc Fisher analysis showed that MKB animals presented signif-
icantly less mossy fiber stained area in the stratum oriens when
compared with WMS group (p < 0.01), and no significant differ-
ences were found with SC or IC groups (Fig. 8). The analysis of
the mossy fiber-stained area from MKA animals showed signifi-
cant differences compared with SC and IC groups (p values <
0.01, respectively) and not with WMS5 group. Pearson’s correla-
tion analysis using WMS5, MKB, and MKA groups showed a
significant negative correlation between Timm’s-stained area in
the stratum oriens and the latency to the target in the test done at
7d (C = 0.533; p < 0.05) but not at 30 d after training. Significant
correlation was also found with the number of crossings in the test
done 1 week (C = 0.639; p < 0.01) and 1 month after training
(C =0.530; p < 0.05). These results indicate that pharmacological
blockade of learning affects the behavioral induction of mossy
fiber synaptogenesis in CA3 stratum oriens, as well as memory
performance. These findings further support the idea that this
morphological change may be related to spatial memory.

Synaptogenesis is observed mainly in the more septal
area of dorsal hippocampus

To understand the distribution of mossy fiber synaptogenesis
throughout the rat hippocampus, the Timm’s-stained area was
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Figure 6. A, Schematic representation of the left hippocampus showing in the gray subdivisions, the area obtained for Timm’s staining. Regions 1, 4,
and 5 (clear gray) were stained for Timm’s but not used for density analysis, the first three brain slices from region 2 and the first three from region 3
(dark gray) were used for the computer-assisted Timm’s-stained analysis in the stratum oriens. Photomicrographs taken at 4X from region 2 of CA3
hippocampus stained for Timm’s of representative swimming control animal (SC) (B), 5 d water maze-trained (WM5) (C), 5 d-trained treated with
MKS801 before (MKB) (D), and trained treated with MK801 after (MKA) (E).
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Figure 7. A, Average Timm’s-stained area in the stratum oriens of
animals trained for 1, 2, 3, 4, and 5 d (WM1, WM2, WM3, WM4, and
WMS5, respectively), swimming controls (SC), and intact control animals
(IC). **p < 0.01 compared with SC. B, Scattergram plot between synap-
togenesis and memory performance at 7 and 30 d after training. All
groups included in the correlation except SC and IC.

analyzed by the septotemporal axis from which the image was
taken. Repeated measures ANOVA of the Timm’s-stained area
was done in SC, MKB, MKA, WM1, WM3, and WMS5 groups.
Because no significant differences were found between left and
right stratum oriens, the mean of right and left stratum oriens was
used for this analysis. The analysis revealed significant differences
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Figure 8. A, Average Timm’s-stained area in the stratum oriens of
animals trained for 5 d (WM5), animals trained for 5 d and treated with
MKS801 before (MKB) and after acquisition (MKA), swimming controls
(SC), and intact control animals (IC). **p < 0.01 compared with SC. B,
Scattergram plot between synaptogenesis and memory performance at 7
and 30 d after training. All groups included in the correlation except SC
and IC.

among groups (F s ,,, = 5.606; p < 0.01), between septotemporal
measures (F; 55y = 5.766; p < 0.01) with no significant interac-
tion. This indicates that the Timm’s-stained area in the stratum
oriens decrease throughout the septotemporal measures (Fig. 9)
and that the animals that underwent water maze overtraining
presented more Timm’s-stained granules than the control groups,
so the presumed synaptogenesis is observed mainly in the septal
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Figure 9. Average Timm’s-stained area in the stratum oriens throughout
the septotemporal axis of regions 2 (r2) and 3 (r3) with the tissues taken
for analysis (¢/-3) of animals trained for 1, 3, and 5 d (WM), trained
animals for 5 d treated with MK801 before (MKB) and after acquisition
(MKA), and the swimming controls (SC).

portion of dorsal hippocampus and gradually decrease toward the
temporal pole. Also, as can be seen in Figure 9, the animals
administered with M K801 before acquisition clearly showed poor
Timm’s staining in the stratum oriens throughout the hippocam-
pal septotemporal axis, whereas the animals administered with
MKS801 after acquisition still showed Timm’s staining in a similar
portion and in a similar extent of dorsal hippocampus than the
overtrained animals.

The Timm’s staining results can be observed in more detail in
Figure 10, where Adobe Photoshop-processed photomicrographs
of representative control and overtrained animals are shown
throughout the septotemporal axis of dorsal CA3 hippocampus
stained by Timm’s. It is clear that in the control animal scarce
staining is observed in the stratum oriens, whereas in the over-
trained animal staining is evident in this region, abundantly at
level 2 and decreased at level 3, with scarce staining at level 4, and
almost absent at level 5 (Fig. 10). In summary, the largest area
stained by Timm’s in CA3 stratum oriens is observed in the more
septal region of the dorsal hippocampus, and the staining de-
creased gradually toward the temporal region selected for the
analysis, suggesting that this morphological change occurs in the
more septal region of hippocampal CA3 stratum oriens.

DISCUSSION

Is mossy fiber synaptogenesis related to spatial
memory formation?

The results from these experiments revealed that water maze
overtraining produces a remarkable improvement in a memory
test done 1 week and 1 month after training. In a previous report
we showed that spatial overtraining could induce synaptogenesis
in CA3 stratum oriens (Ramirez-Amaya et al., 1999). In the
present experiments, we found a substantial increase of mossy
fiber projection to the stratum oriens in animals that received
overtraining in the Morris water maze, and their performance in
the memory tests positively correlates with this, suggesting a
functional correlation between synaptogenesis and spatial mem-
ory formation.

It has been proposed that the mossy fiber system modulates the
activity of CA3 cells in which plastic events will allow information
to be encoded (McClelland and Goddard, 1996). In accordance
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with this idea, destruction of dentate gyrus cells, and hence mossy
fiber projections, disrupts acquisition and retention of water maze
task (McNaughton et al., 1989; Xavier et al., 1999). Mizumori et
al. (1999) proposed that the specific contribution of the hilar/CA3
region is to compare the expected spatial context with that cur-
rently being experienced, supporting the idea that synaptic plas-
ticity in the mossy fiber projection to CA3 may be involved in the
storage of spatial representations (McNaughton and Morris 1987;
McClelland and Goddard, 1996). Mossy fiber projections regu-
larly reach the stratum lucidum and the newly formed mossy fibers
project to the stratum oriens. Although we found evidence of
synaptogenesis in the stratum oriens, stratum lucidum synapto-
genesis cannot be discarded. The functional significance of mossy
fiber projections to the stratum oriens is currently unknown.
However, it is possible that these projections have a stronger
influence over pyramidal cell firing because of their proximity to
the axon hillock, or it can modulate CA3 by establishing synaptic
contacts with inhibitory cells located in the stratum oriens (Oliva
et al., 2000; Poncer et al. 2000).

An increased survival of new neurons in the dentate gyrus that
are likely to project to CA3 cells has been demonstrated after
spatial training (Kuhn et al., 1996; Kempermann et al., 1997;
Hastings and Gould, 1999). Recently, Elizabeth Gould’s group
(Shors et al., 2001) showed that inhibition of neurogenesis in the
rat impairs hippocampal trace conditioning. Thus, it is plausible
to think that neurogenesis in the dentate gyrus may be related to
the storage of spatial representations and perhaps to synaptogen-
esis in CA3. Preliminary results in our laboratory showed that
specific lesions of CA3 region disrupt acquisition of water maze
and clearly impair memory performance even when lesions were
made 2 weeks after acquisition. This evidence suggests that CA3
might be necessary for long-term spatial information storage in
which synaptic plasticity, including morphological changes in the
dentate gyrus projection to CA3, may underlie memory forma-
tion. Further research should be conducted to establish if mossy
fiber synaptogenesis is reversible and if this reversibility might or
not might be correlated with forgetting.

Another possibility is that these new mossy fiber projections are
responsible for improving the overall spatial abilities of rats.
Moser et al. (1994) observed that dendrite branching induced by
a complex environment correlates with improved water maze
performance. Previous studies using Timm’s staining analysis
have suggested the relevance of mossy fiber projection to CA3
infrapyramidal layer for spatial learned behaviors. It has been
observed that animals from different strains or close species
occupying different habitats presented different mossy fiber pro-
jections to the infrapyramidal layer, and the animals with more
abundant mossy fibers projections to the infrapyramidal layer
presented a better performance on spatial-related tasks (Schwe-
gler et al., 1993; Bernasconi-Guastalla et al., 1994; Pleskacheva et
al., 2000). They propose that genetic differences might account for
the anatomical and behavioral variability, however, the observa-
tion that close species occupying different habitats also present
such anatomical and behavioral differences suggest that the en-
vironment may also be a very important factor for inducing the
morphological differences in mossy fiber projection. In this re-
gard, the differences in mossy fiber projection found in these
works should not only be attributed to inherited variables, but to
how experience can promote plastic events in the hippocampus of
the different species (Schwegler et al., 1993; Bernasconi-Guastalla
et al., 1994). Because experience induces morphological changes,
animals living in enriched conditions (Moser et al., 1994) or a
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Septal

Figure 10.  Adobe Photoshop-processed photomicro-
graphs of dorsal hippocampus from regions 2, 3, 4,
and 5 throughout the septo(anterior)-temporal-
(posterior) axis, showing Timm’s staining of the stra-
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Temporal

tum lucidum and the stratum oriens of dorsal hip-
pocampus. Top, A representative swimming control ‘
(8SC); bottom, a 5 d water maze-trained animal

(WMS5). Coordinates in the base of the figure are from )
bregma according to Paxinos and Watson (1986). -2.56

favorable environment (Pleskacheva et al., 2000) will present
different anatomical and behavioral abilities when compared with
animals living in a restricted environment as laboratory rats. In
the case of laboratory rats, it is possible that the mossy fiber
pathway is underutilized because the stimulation is restricted, and
when confronted with any spatial behavioral challenge, the mod-
ulatory capacity of the mossy fiber pathway may be modified
through synaptogenesis.

Pharmacological blockade of learning blocks mossy
fiber synaptogenesis

The data obtained herein showed that administration of 0.05
mg/kg of MK801 before training clearly disrupts performance of
water maze acquisition, as has been observed previously (Ah-
lander et al., 1999). Although the animals overcome the impairing
effect of MK801 after 4 d of training, these animals cannot be
considered overtrained, and accordingly, their performance in
the memory tests was very poor at 7 and 30 d after training, which
is consistent with the idea that overtraining is responsible for
improving performance in the memory test. Moreover, the ani-
mals treated with MKS801 before acquisition did not show an
increase of mossy fiber projections to the stratum oriens, even
though these animals underwent the same training conditions as
the animals in WMS5 group, supporting the idea that overtraining
is the factor responsible for the induction of synaptogenesis.
Conversely, the administration of MK801 after acquisition did
not affect spatial learning consolidation as observed previously
(McLamb et al., 1990). Thus, no effects were observed in the
memory test done 7 and 30 d after training, indicating that
animals administered with MK801 after acquisition consolidate
normally. Furthermore, mossy fiber synaptogenesis was observed
in these animals, even under the effects of NMDA receptor
antagonist.

The involvement of NMDA receptors in learning and memory
has long been suggested by their role in LTD, LTP (Malenka,
1994; Malenka and Nicoll, 1999), and in spatial learning (Mar-
tinez and Derrick, 1996). The evidence obtained here is consis-
tent with previous literature, suggesting the involvement of glu-
tamatergic neurotransmission in spatial learning, underlying
plastic events such as LTP, and probably synaptogenesis (Butler
et al.,, 1999). In this regard, NMDA receptors have also been
implicated in the establishment of new synapses (Friedman et al.,
2000). Although the MK801 dosage used in this experiment did
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not produce important motor effects to explain NMDA blockade
of spatial learning (Ahlander et al., 1999), it cannot be certainly
established if mossy fiber synaptogenesis is dependent on
NMDA-related mechanisms.

The proper characterization of the molecular mechanisms in-
volved in mossy fiber synaptogenesis might require a broader
study of the effects of different receptor antagonists, as well as the
expression of different molecules involved in the induction, guid-
ance, and stabilization of mossy fiber synapses. In this work, the
purpose of inactivating NMDA receptors was to understand if a
pharmacological blockade of learning was enough to disrupt
synaptogenesis. The main differences between MKA and MKB
are that learning was allowed to occur in MKA group, whereas
the learning ability of MKB animals was impaired. Accordingly,
memory performance was impaired in MKB animals, but not in
MKA group, further supporting the idea that overtraining im-
proves spatial memory performance, which might be related to
mossy fiber synaptogenesis.

Synaptogenesis occurs in the more septal area of the
dorsal hippocampus

In this experiment we also found evidence suggesting that in-
creased mossy fiber projection to CA3 occurs mainly in the more
septal region of the dorsal hippocampus. The lamellar hypothesis
of hippocampal organization is no longer accepted, instead a
more complex organization with differences throughout the sep-
totemporal and proximodistal axis of hippocampus is now evi-
dent (Amaral and Witter, 1989). Ishizuka et al. (1990) found that
projections from CA3 that innervates CA3 and CAl are different
throughout the septotemporal poles and also throughout the
proximodistal axis. The bidirectional projections of hippocampus
with the septum is well known to be different throughout the
septal and temporal poles (Nyakas et al., 1987; Gaykema et al.,
1991). Also, it has been demonstrated that the entorhinal cortex
and amygdala projects differently through this axis (Ino et al.,
1998; Pikkarainen et al., 1999).

These anatomical differences might have functional implica-
tions for the different regions of the hippocampus. Accordingly, it
has been established that only dorsal but not ventral hippocampal
lesions produce behavioral impairment of spatial-related tasks
(Moser and Moser, 1998; Bannerman et al., 1999). Operant
behavior-induced c-Fos expression has been observed to occur
mainly in the dorsal hippocampus (Bertaina-Anglade et al,
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2000). Rapp et al. (1999) studied the hippocampal projections
between young and aged animals, observing that the septal region
of mossy fiber projection was altered in senescent animals, pre-
senting deficits in performance of spatial-related tasks. Our data
are consistent with these observations; because our analysis was
made only in the dorsal hippocampus, we cannot be certain if
similar synaptogenesis is occurring in the ventral hippocampus.
However, the evidence presented here might suggest different
roles of the septal and temporal parts of the dorsal hippocampus
in which the septal pole is suggested to be of great relevance for
spatial memory formation.

Conclusions

The data obtained here support the idea that learning may pro-
mote morphological plastic events in the CNS, particularly syn-
aptogenesis, which in the hippocampus can be observed after
spatial overtraining in the mossy fiber projection to CA3. Al-
though the functional significance of the new mossy fibers is not
yet clear, the data obtained here suggest that these new mossy
fibers may be related with memory formation, which is consistent
with the idea that CA3 hippocampus is important for storing
spatial representations. In this regard, we hypothesize that syn-
aptogenesis might be responsible for producing long-lasting
changes in the representation of spatial stimuli. Furthermore,
NMDA dependent mechanisms are responsible for spatial mem-
ory formation and perhaps might be related to synaptogenesis.
Because this form of morphological plasticity was observed
mainly in the septal side of the dorsal hippocampus, it is possible
that in this particular region, long-lasting plastic changes may
underlie the establishment of long-term spatial memory.
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