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Rapid Extension of Axons Into the CA3
Region by Adult-Generated Granule Cells
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ABSTRACT

The dentate gyrus continues to produce granule neurons throughout adulthood. The
present study examined the extension of axons by adult-generated granule neurons into
hippocampal area CA3. We injected the fluorescent retrograde tracers Fast blue (FB) and
FluoroRuby (FR) into area CA3 of adult male rats at various times after the administration of
5’-bromo-2’-deoxyuridine (BrdU), a marker of proliferating cells and their progeny. We report
that immature granule cells extend axons into CA3 as rapidly as 4-10 days after mitosis. A
significant increase in the percentage of BrdU-labeled cells that were labeled with FB or FR
was observed by 2 weeks after BrdU administration. This proportion remained roughly
constant up to 3 weeks after BrdU-labeling, a time at which markers of a mature neuronal
phenotype are expressed. BrdU-labeled cells that contained either FB or FR often were
located far from the tracer injection site, indicating that these cells had extended relatively
long axons. Collectively these results suggest that adult-generated granule neurons may
influence normal hippocampal function, even at a very early stage after their production. J.
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During adulthood, precursor cells located in the hilus
and subgranular zone (sgz) of the dentate gyrus divide and
produce daughter cells, the majority of which appear to
express morphologic and biochemical characteristics of
neurons. This process has been described in a wide range
of mammalian species (Cameron et al., 1993; Gould et al.,
1997, 1998, 1999b; Kempermann et al., 1997), including
humans (Eriksson et al., 1998). However, although the
evolutionary conservation of adult neurogenesis suggests
that it is biologically significant, its precise role in normal
hippocampal function remains enigmatic. For adult-
generated neurons to be relevant functionally, they must
be incorporated into existing neurocircuitry. Presently,
however, very little is known regarding the extent to which
this occurs.

Since the earliest demonstrations that cells in the
dentate gyrus of adult rodents incorporate tritiated thymi-
dine (®(H-thymidine), a marker of cell proliferation (An-
gevine 1965; Altman and Das, 1967), considerable efforts
have been made to identify adult-generated cells positively
as neurons. These studies have shown that adult-gener-
ated hippocampal cells eventually reside in the granule
cell layer (gcl; Cameron et al., 1993; Gould et al., 1997),
receive synaptic input (Kaplan and Hinds, 1977; Kaplan
and Bell, 1984), assume the nuclear and cytoplasmic
morphology of neighboring neurons (Cameron et al., 1993;
Gould et al., 1999a), and express biochemical markers of
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immature (Seki and Arai, 1995; Parent et al., 1997; Scott
et al., 1998; Gould et al., 1999b) and, ultimately, mature
neurons (Cameron et al., 1993; Gould and Tanapat, 1997;
Kempermann et al., 1997).

The elaboration of an axonal process, although it is not
strictly a prerequisite, provides convincing evidence of
neuronal fate. In an effort to establish the identity of cells
generated in the adult rat dentate gyrus, Stanfield and
Trice (1988) combined 3H-thymidine autoradiography with
retrograde tracing. Those authors observed only a few
thymidine-labeled cells that were labeled with retrograde
tracer when it had been injected into hippocampal area
CAZ3. Thus, although their report demonstrates that some
adult-generated cells extend axons into a target region
typical of mature dentate granule neurons, the low num-
ber of new tracer-labeled cells observed diminishes the
possible functional significance of these adult-generated
neurons. In addition, that study examined only new cells
28 days after the administration of 3H-thymidine, a time
now known to follow the expression of biochemical mark-
ers of mature granule neurons (Cameron et al., 1993;
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Gould and Tanapat, 1997). A more recent retrograde
tracing study using the thymidine analog bromodeoxyuri-
dine (BrdU) to label new cells has confirmed the extension
of axons into the CA3 region by cells that were generated
approximately 12 weeks before perfusion (Markakis and
Gage, 1999). Because both of these studies examined
single, relatively late time points after BrdU injection, it
remains unclear whether axons are characteristic only of
mature, adult-generated granule neurons or whether pro-
jections also may be formed by new cells at earlier time
points.

We sought to determine the point at which the axons of
adult-generated granule neurons could first be detected in
area CA3 and the proportion of adult-generated hippocam-
pal cells that contribute projections to this region. We
therefore injected fluorescent retrograde tracers into area
CAZ3 at time periods after the administration of BrdU that
were known to coincide with the expression of morphologic
and biochemical characteristics of immature or mature
granule neurons.

MATERIALS AND METHODS
Animal care and treatments

Adult male Sprague-Dawley rats (350-450 g; Charles
River Laboratories, Wilmington, MA) were used as experi-
mental subjects. Animals were maintained on a 12:12
light:dark cycle (lights off 18:00 hours) and were provided
with unlimited access to food and water. All animal
experimentation was conducted in accordance with Univer-
sity guidelines and with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Rats were injected with 5’-bromo-2’-deoxyuridine (BrdU,
200 mg/kg in saline containing 0.007 N NaOH, i.p.), a
marker of proliferating cells and their progeny (Nowa-
kowski et al., 1989). Twenty-four hours (n = 4 injections), 1
week (n = 6 injections), 2 weeks (n = 8 injections), or 3
weeks (n = 8 injections) after BrdU injection, rats were
anesthetized with sodium pentobarbital (Nembutal; 50
mg/kg body weight, i.p.) and stereotaxically injected with
the retrograde tracers Fast blue (FB; 200 nl of a 2.0%
solution in sterile isotonic saline; Sigma, St. Louis, MO) or
FluoroRuby (FR; 200 nl of a 10.0% solution in sterile
isotonic saline; Molecular Probes, Eugene, OR) into the
distal CA3 hippocampal region (stereotaxic coordinates in
mm; anteroposterior, —3.3; lateromedial, = 3.6; dorsoven-
tral, —3.1; Paxinos and Watson, 1986; see Fig. 1). The
24-hour time point was selected, because it is sufficient for
the completion of one cell cycle by BrdU-labeled cells
(Nowakowski et al., 1989) but not for incorporation into
the gcl or for the expression of biochemical markers of
mature neurons (Cameron et al., 1993). The 1-, 2-, and
3-week post-BrdU survival times were chosen to coincide
with changes in number, morphology, position, and the
expression of biochemical markers by BrdU-labeled cells
that may be characteristic of different stages of neuronal
maturity within this system. Adult-generated hippocam-
pal neurons express markers of immature neurons, such
as TOAD-64, by 1 week after BrdU labeling but do not
begin to express mature neuronal characteristics until
between 2 and 3 weeks after their genesis (Cameron et al.,
1993; Gould et al., 1999a).

Bilateral injections were performed by using a different
tracer (FB or FR) in each hemisphere. Because mossy fiber
projections are ipsilateral (Blackstad et al., 1970; Swanson
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Fig. 1. Schematic representation of a coronal section through the
rat hippocampal formation. The tracer injection target site (dotted
ellipse drawn to approximate scale) is aimed at distal area CA3 and
overlaps with the mossy fiber pathway as indicated. ¢, dentate crest;
CA1-CA3, Ammon’'s horn pyramidal fields; DGs, suprapyramidal
blade of the dentate gyrus; DGi, infrapyramidal blade; gcl, granule cell
layer; h, hilus; hf, hippocampal fissure; lv, lateral ventricle; sgz,
subgranular zone. Adapted from Swanson (1992) with permission
from Elsevier Science.

et al.,, 1978), each injection site and its associated gcl
labeling were examined as a separate case. Animals were
deeply anesthetized with Nembutal (100 mg/kg body
weight, i.p.) 3 days after stereotaxic surgery and transcar-
dially perfused with 4.0% paraformaldehyde in isotonic
phosphate-buffered saline, pH 7.4, at 2°C. The brains were
then removed from the cranium and postfixed for 3 days in
fresh perfusion medium at 4°C prior to processing for
BrdU immunohistochemistry.

The 3-day post-tracer injection recovery period was
sufficient to allow the transport of tracer from the CA3
injection site to even the most distal regions of the gcl. Itis
possible, however, that some BrdU-labeled cells, particu-
larly those in sections coincident with the injection site,
may have incorporated FB or FR within hours of tracer
administration. The postoperative recovery period, there-
fore, introduces a 3-day range in which tracer uptake by
BrdU-labeled cells is possible: we refer to the experimental
groups by the upper limit of this range at 4 days, 10 days,
17 days, and 24 days after BrdU injection, respectively.

BrdU immunohistochemistry

Forty-micrometer coronal sections through the dentate
gyrus were cut and collected into a bath of 0.1 M phosphate
buffered saline, pH 7.4, by using an oscillating tissue
slicer. A one-in-five series of sections was then mounted
onto Superfrost Plus slides (Fisher Scientific, Pittsburgh,
PA), washed free of salts, and dried. A hydrophobic barrier
was applied to the edge of each slide (PAP-pen; EMS, Fort
Washington, PA) prior to rehydration in Tris-buffered
saline (TBS; 100 mM Tris-HCI, 0.9% NacCl, pH 7.6, at room
temperature). Unless otherwise noted, all subsequent
incubations were performed in TBS. Sections were trypsin-
ized (100 pg/ml in 0.1 M Tris-HCI, pH 7.4, and 0.1% CacCl,)
for 10 minutes, incubated in 2 N HCI for 30 minutes,
rinsed, and incubated for 60 minutes with 3.0% normal
horse serum (NHS; Vector Laboratories, Burlingame, CA).
The NHS was eluted prior to application of anti-BrdU
monoclonal antisera (Novocastra, Newcastle upon Tyne,
United Kingdom: diluted 1:100 plus 0.5% Tween-20 in
TBS, pH 8.2). Sections were incubated for 2 hours, rinsed,
and incubated in biotinylated anti-mouse immunoglobulin
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Fig. 2. A-F: Representative injection sites resulting from the
stereotaxic infusion of the retrograde tracer Fast blue (FB; vertical
hatching) or FluoroRuby (FR; horizontal hatching) into hippocampal
area CA3 and the mossy fiber path of two different animals. FB and FR
injections resulted in a similar degree of labeling of the ipsilateral
dentate gyrus. The areas of labeling resulting from these injections are
represented by vertical or horizontal hatching in the granule cell layer
(gcl). Note that significant labeling is evident in F, posterior to the

G (IgG) antisera (1:200) containing 1.5% NHS for 1 hour.
Sections were rinsed and incubated in avidin-conjugated
CY-2 fluorochrome (1:1,000) for 30 minutes, rinsed, dried,
and coverslipped under 70% glycerol: TBS prior to observa-
tion.

Data analysis

Prior to analysis, all slides were coded, and the code was
not broken until data collection was complete. Each den-
tate gyrus was examined and included for analysis if it was
found that the effective tracer-uptake zone, indicated by
the area of tracer-labeled glia, included the CA3 region
and if tracer injection resulted in retrograde transport and
labeling of the gcl (see Fig. 2). The following experimental
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caudalmost border of the injection site. Both of these injections were
performed 3 weeks after 5’'-bromo-2’-deoxyuridine (BrdU) administra-
tion. Black portions represent tissue necrosis associated with the
needle track. Inset: Schematic sagittal section of the rat brain
depicting the anteroposterior levels of the coronal sections shown in
A-F. Drawings adapted from Swanson (1992) with permission from
Elsevier Science. For abbreviations, see Figure 1.

group sizes were obtained for analysis, with the remaining
injections (those outside of the CA3 region) examined as
controls (see Fig. 3): 4 days (n = 3 injection sites), 10 days
(n = 6 injection sites), 17 days (n = 7 injection sites), and
24 days (n = 6 injection sites).

The areas of effective tracer uptake and total sampling
volume were measured for each valid injection by using
Cavalieri’'s principle (Gundersen et al., 1988) and Image
Pro software. Cell counts of the total number of BrdU-
labeled cells and those incorporating retrograde tracer
were obtained only from FB-or FR-labeled regions of the
gcl. Cells of obvious glial morphology (small with irregular
or triangular-shaped cell bodies) were excluded from the
counts. Cell counts were normalized to the sampling
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Fig. 3. A-F: Representative control injection sites resulting from
the stereotaxic infusion of the retrograde tracer FB (vertical hatching)
or FluoroRuby FR (diagonal hatching) into brain regions close to but
not overlapping with hippocampal area CA3 and the mossy fiber path.
Neither injection resulted in detectable labeling of the ipsilateral

volume. All quantitative analysis was performed by using
an Olympus BX-60 fluorescent microscope (Olympus, To-
kyo, Japan). Colabeling of BrdU and tracer was verified by
using a Zeiss Axiovert confocal laser scanning microscope
(510LSM; Zeiss, Thornwood, NY).

The area of effective tracer uptake and volume of gcl
labeling were analyzed simultaneously as functions of 1)
post-BrdU injection survival time and 2) retrograde tracer
using parametric multivariate analyses of covariance.
Multivariate F-test statistics (Wilk's lambda) are reported
(o = 0.05). The total numbers of BrdU-labeled cells and the
numbers of tracer-labeled, BrdU-positive cells were ex-
pressed per unit sampling volume prior to analysis. These
values, as well as cell percentages, were analyzed by using
distribution-free methods: the Kruskal-Wallis analysis of
variance by ranks (a = 0.05; H statistic reported) followed
by planned, pairwise comparisons by using the Mann-
Whitney U-test.
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dentate gyrus. Black portions represent tissue necrosis associated
with the injection. Inset: Schematic sagittal section of the rat brain
depicting the anteroposterior levels of the coronal sections shown in
A-F. Drawings adapted from Swanson (1992) with permission from
Elsevier Science. For abbreviations, see Figure 1.

RESULTS

Location, morphology, and numbers
of adult-generated cells

At all time points, BrdU-labeled cells were observed in
the dentate gyrus. Changes in the location, morphology,
and numbers of these cells were observed over time. With
increasing time after BrdU injection, proportionately more
labeled cells were located in the gcl compared with the sgz
and hilus. Moreover, at the later time points (17 days and
24 days), more BrdU-labeled cells had the morphology of
mature granule cells, i.e., the nuclei were relatively large
and round. The maximal number of BrdU-labeled cells was
observed in the gcl 10 days after BrdU administration. At
this point, most cells were closer in size to neighboring
mature granule cells but typically had nuclei that were
oval or elongated. Between 10 days and 17 days, a decrease
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Fig. 4. Color images produced from captured digital confocal laser
scanning microscopy by using Adobe Photoshop software (Adobe
Systems, Seattle, WA) showing BrdU-labeled cells (green) residing in
the gcl of adult male rats that were injected in the CA3 region with
either FB (blue nuclei and cytoplasm) or FR (orange-red cytoplasm
and processes). A: Immature neuron retrogradely labeled with FR
(arrowhead) 10 days after BrdU administration. This cell has charac-
teristic immature nuclear morphology but extends a dendritic process
(arrows). Contrast the somewhat elongated nucleus of this cell to the
more rounded appearance of the BrdU-labeled nuclei from later time
points depicted in B-D. B: Nonfilled, BrdU-labeled cell (arrowhead)
located near granule neurons that was labeled retrogradely with FB
(blue). C: BrdU-labeled neuron that also was labeled retrogradely with
FB (arrowhead). Both of the labeled cells in B and C reside in the gcl of
the same animal that was perfused 24 days after BrdU administra-

in the number of BrdU-labeled cells was observed, but no
further decrease in cell number was seen between 17 days
and 24 days. By 17 days, very few BrdU-labeled cells were
observed in the hilus or sgz.

Retrograde tracer injections

FB and FR injection sites consisted of two concentric
fluorescent zones. A small, bright, and dense zone immedi-
ately subadjacent to the termination of the needle tract
was surrounded by a broader, more diffuse area that
expanded radially for a variable distance. Within both

tion. D: Nonfilled, BrdU-labeled cell (arrowhead). E: BrdU-labeled
neuron (arrowhead) that also was labeled retrogradely with FR. Both
of the labeled cells in D and E reside in the gcl of the same animal that
was perfused 17 days after BrdU administration. F: Low-power (X7)
confocal image of a representative FR injection site. The effective
uptake zone is indicated by the white dashed outline and is centered in
the pyramidal cell layer (p) of distal CA3. Note that the injection site
does not encroach on the dentate gyrus. G: The same section shown in
F counterstained with the fluorescent DNA dye YOYO-1 (Molecular
Probes, Eugene, OR) to reveal anatomic features near the injection
site. CA3, region CA3 of Ammon’s horn; Im, stratum lacunosum-
moleculare; o, stratum oriens; p, pyramidal layer; r, stratum radia-
tum; sl, stratum lucidum. Scale bars = 10 um in A (also applies to
B-D); 250 um in F (also applies to G).

fluorescent zones, tracer appeared to label both neurons
and glia; thus, the edge of the larger, diffuse zone was
considered to circumscribe the area of effective tracer
uptake. Although FB appeared to diffuse at the injection
site to a greater extent compared with FR, neither survival
time after BrdU injection (F[2,13] = 0.73; P = 0.13) nor
retrograde tracer (F[6,26] = 0.70; P = 0.55; Fig. 2) was a
significant factor in determining the area of effective
tracer uptake or volume of the gcl that was labeled with
tracer. None of the selected dye injection sites labeled the
gcl directly (Fig. 4F,G).
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TABLE 1. Densities of Bromodeoxyuridine-Labeled Cells and Percentages
and Densities of Tracer-Filled, Bromodeoxyuridine-Labeled Cells
in the Granule Cell Layer of Adult Male Rats at Various Times
After Bromodeoxyuridine Administration!

Density of BrdU- Tracer-filled, BrdU-
labeled cells labeled cells

Percentage of
tracer-filled,

Group No. (cells/mm?) (cells/mm?) BrdU-labeled cells
4day 3 307 + 121.3* 0+ 0.0* 0*

10day 6 709 * 92.6%* 65 * 16.0%* 8.9*

17day 7 294 * 48.4* 128 * 22.0%** 45.8%*

24day 6 269 * 42.8% 117 * 50.4%** 47.6%*

1Significant differences in the density of bromodeoxyuridine (BrdU)-labeled cells [H
(3) = 10.98; P = 0.01]; the density of tracer-filled, BrdU-labeled cells [H (3) = 8.89;
P < 0.05]; and the percentage of tracer-filled, BrdU-labeled cells [H (3) = 11.86;
P < 0.01] were observed as a function of increasing survival time after BrdU injection.
Values within each column designated by different numbers of asterisks are statistically
different from one another (P < 0.05; Mann-Whitney U-test).

With both FB and FR, retrograde transport to levels
located caudal to the injection site was observed often (Fig.
2). At levels coincident with or slightly rostral to the
injection site, the laterosuperior tips of both the suprapyra-
midal and infrapyramidal blade of the dentate gyrus gcl
usually were labeled retrogradely with tracer. The area of
tracer incorporation proceeded to fill successively medial
levels of both blades at progressively caudal levels relative
to the injection site and, at the most posterior levels at
which tracer could be detected, was observed in the crest of
the dentate gyrus. FB was localized primarily to the
granule cell body, whereas FR provided punctate labeling
of the granule cell body and, to a variable extent, was
localized to proximal dendrites and to smaller caliber,
studded axonal processes.

Colocalization of BrdU and retrograde tracer
in the gcl

In the animals that received tracer injections into CA3
24 hours after BrdU administration and were perfused 3
days later, we did not observe any FB- or FR-labeled,
BrdU-positive cells. The earliest point at which we ob-
served BrdU-labeled cells colocalized with retrograde tracer
was in the 10-day group, indicating that the axons of these
neurons had reached CA3 between 4 days and 10 days
after mitosis (Fig. 4A). These cells typically were oval or
elongated, were large relative to BrdU-labeled cells that
were not labeled with tracer at this time point, and were
located in the gcl, not in the sgz or the hilus. However,
although many of these cells were observed to extend
dendritic processes, they clearly had not yet attained the
distinct nuclear morphology of neighboring mature gran-
ule cells, which tended to be somewhat larger and were
round, not oval.

The percentage of adult-generated granule cells labeled
with retrograde tracer increased with increasing survival
time after BrdU injection (see Table 1, Fig. 4C,E), al-
though, at all time points examined, we observed BrdU-
labeled granule cells that were not double labeled with FB
or FR, despite being located in gcl regions that were
heavily labeled with tracer (Fig. 4B,D). Between 10 days
and 17 days after BrdU labeling, the percentage of adult-
generated granule cells retrogradely labeled with FB or
FR increased from 9% to =~ 46%. This increase appears to
reflect both an overall increase in the numbers of BrdU-
labeled cells that were colabeled with tracer and a substan-
tial reduction in the total numbers of BrdU-labeled cells in
the dentate gcl. We did not observe any tracer-labeled,
BrdU-positive cells outside of the gcl.
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We often observed cells labeled with both BrdU and
retrograde tracer on sections posterior to the injection site.
Particularly at later time points, 17 days or 24 days after
the administration of BrdU, tracer-labeled, adult-gener-
ated neurons could be found as far as 1 mm caudal to the
injection site (Fig. 5).

DISCUSSION

Consistent with previous studies (Cameron et al., 1993;
Gould et al., 1999a), we observed characteristic changes in
the numbers, distribution, and morphology of BrdU-
labeled cells with increasing post-BrdU survival times.
The numbers of adult-generated cells in the dentate gyrus
increased between 4 days and 10 days after mitosis and
had declined by the 17-day time point. At early time points
after BrdU injection (4 days and 10 days), many labeled
cells were located in the hilus or the sgz and exhibited
smaller and nonround nuclei. By 17 days, the majority of
BrdU-labeled cells were located within the gcl and had
relatively large, round or oval nuclei. By 24 days, BrdU-
labeled cells were similar in size and shape to granule
neurons located in the superficial aspect of the gcl.

The absence of tracer-labeled, BrdU-positive cells in
animals injected with either FB or FR 24 hours after BrdU
administration suggests that adult-generated neurons be-
tween 1 day and 4 days of age have either not extended
axonal processes or their axons have not yet extended into
the region of the injection site. FB and FR could be
detected first in BrdU-labeled cells in the 10-day group,
indicating that new cells have axons in CA3 some time
between 4 days and 10 days after mitosis. These cells
exhibited oval or elongated nuclei, were always located
within the gcl, but clearly had not yet attained the distinct
morphology characteristic of surrounding mature granule
neurons. At later time points, 17 days and 24 days after
BrdU administration, more BrdU-positive cells were la-
beled retrogradely with tracer. These were largely indistin-
guishable in size and nuclear morphology from neighbor-
ing granule neurons. Moreover, at these later time points,
double-labeled cells were detected up to 1 mm posterior to
the tracer injection site. If the axons of adult-generated
granule cells follow trajectories similar to those of mossy
fibers in general, traveling within the transverse axis at
coronal levels coincident with their site of origin before
diving into the longitudinal axis near CA2, then it is likely
that these axons are much longer than 1 mm (see also
Stanfield and Trice, 1988).

We did not observe large, round, BrdU-positive cells in
any area other than the gcl, nor did we observe tracer-
labeled, BrdU-positive cells in the hilus or sgz. This may
indicate that adult-generated cells do not contribute to the
ectopic mossy fiber projection pathway previously reported
by Gaarskjaer and Laurberg (1983). Alternatively, our
postinjection survival times or tracer placement may have
been inadequate for the detection of this class of projection.

Our results suggest that the axons of adult-generated
granule neurons are present in area CA3 between 4 days
and 10 days after BrdU labeling. This corresponds to a
time at which adult-generated granule cells have not yet
attained mature morphologic or biochemical characteris-
tics (Cameron et al., 1993). Studies of hippocampal slice
explants (Dailey et al., 1994) and cell cultures (Basarsky et
al., 1994) and studies of the developing mossy fiber system
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Fig.5. A-E:Schematic representation of BrdU-labeled cells (circles)
and tracer-labeled, BrdU-positive cells (triangles) located within the
dentate gyrus 3 weeks after BrdU injection. FB injection case was
presented in Figure 2. BrdU-positive cells in regions of the gcl that
were not labeled with tracer are not shown in these drawings, because
these cells were not included in the analysis. Shaded areas indicate

in vivo (Vijayan, 1986) indicate that synapse formation
rapidly follows the extension of incipient granule cell
axons into area CA3. This raises the possibility that the
axons of immature adult-generated granule cells also may
form functional synapses.

Methodological considerations

It is likely that BrdU-labeled cells incorporate tracer by
means of retrograde transport from CA3 as opposed to
nonspecific mechanisms of tracer uptake, for example,
diffusion from the injection site or, after transport, from
adjacent tracer-labeled cells in the gcl (Bentivoglio et al.,
1980). First, BrdU-labeled cells did not incorporate FB or
FR when the tracer was injected 24 hours after BrdU
administration. Second, at other time points, BrdU-
labeled cells adjacent to FB- and FR-labeled granule cells
often were not colabeled with tracer.

It is likely that the percentages and densities of BrdU-
labeled cells we report as colabeled with retrograde tracer

N.B. HASTINGS AND E. GOULD

N
D

the areas of the gcl that were retrogradely labeled by the FB injection.
A-F correspond to the anteroposterior levels depicted in the insets of
Figures 2 and 3. Note in particular the presence of tracer-labeled,
BrdU-positive cells in F at a level well posterior to the caudalmost
border of the injection site. For abbreviations, see Figure 1.

are underestimates of the proportion of new cells that
actually extend axons into the CA3 region for two reasons.
First, BrdU-labeled cells may have axons in parts of the
CAZ3 region that were not injected with tracer. Because the
discrete tracer injections performed did not label the entire
CA3 region, substantial numbers of BrdU-labeled cells
with axons outside of the areas of effective tracer uptake
would not be labeled with FB or FR. Although, in develop-
ment, granule neurons that reside in proximity within the
gcl project to the same region of CA3 (Gaarskjaer, 1986), it
is not known whether this also occurs in adulthood.
Second, new cells may project to other mossy fiber target
sites, such as hilar mossy cells (Frotscher et al., 1994).
Technical caveats aside, comparisons across time points
suggest an increase in the number and percentage of
adult-generated cells that extend axons into hippocampal
area CA3 with increasing time after BrdU incorporation.
This occurs in conjunction with a decline in the total
number of BrdU-labeled cells. Perhaps the extension of



ADULT-GENERATED NEURONS RAPIDLY EXTEND AXONS INTO CA3

axons into appropriate hippocampal target fields serves as
a survival cue at a time when many adult-generated cells
are dying. The formation of synapses, or even the proxim-
ity of new afferents to their target neurons, may provide a
means by which cell contact and/or paracrine signaling
facilitate neuronal survival (de la Cruz et al.,, 1996;
Goodman and Tessier-Lavigne, 1997). Alternatively, the
formation of functional mossy fiber synapses may allow
mechanisms, such as activity-dependent synaptic strength-
ening, to promote selectively the survival of immature
adult-generated neurons.

Projection patterns of adult-generated
granule cells

Neuron production in most regions of the mammalian
central nervous system is a temporally discrete process,
ending prior to parturition. In contrast, granule cell produc-
tion in the rat begins embryonically, peaks shortly after
birth, and continues at lower levels throughout adulthood
(Bayer,1980a,b; Schlessinger et al., 1975; Cameron et al.,
1993).

Four organizational gradients are recognized in the
formation of the rodent gcl (Angevine 1965; Schlessinger et
al., 1975; Bayer,1980a,b): 1) Granule cells are integrated
into the gcl in a cell-packing or outside-in manner; 2) the
suprapyramidal blade forms before birth, whereas the
infrapyramidal blade is formed postnatally; 3) maturation
of the dentate gyrus proceeds in a temporal-to-septal
direction; and 4) the addition of granule cells occurs in a
lateral-to-medial direction with respect to the transverse
axis. Retrograde tracer injections into distal CA3 reveal a
distinct pattern of labeling likely to reflect the aforemen-
tioned developmental patterns of granule cell production
and integration into the gcl. For example, the laterosupe-
rior aspect of the suprapyramidal dentate blade is labeled
at levels anterior and, particularly, posterior to the tracer
injection site compared with the medioinferior region or
the dentate crest, which takes up tracer at levels approxi-
mately coincident with the injection site (Gaarskjaer,
1981). These results have been interpreted to indicate
wider septotemporal axon divergence for developmentally
older granule cells and, mechanistically, have been posited
to reflect increased competition for axonal termination
sites as development proceeds (Blackstad et al., 1970).
However, in the context of these studies, it is important to
note that “axonal divergence” can be interpreted only from
the perspective of neuronal populations and not from that
of individual granule cells. Single retrograde tracer injec-
tions, for example, cannot distinguish between the projec-
tions of two granule neurons versus the divergent projec-
tion of a single neuron. Nonetheless, axonal divergence at
the regional or single-cell level may have important biologi-
cal consequences. Knowledge of the axonal arborization
patterns of adult-generated granule neurons may provide
valuable insight into their contribution to normal hippo-
campal function. From a developmental standpoint, it may
be predicted that the axonal divergence of adult-generated
granule neurons should be restricted relative to perina-
tally derived granule cells, because they are much youn-
ger. However, additional work will be required to deter-
mine the extent to which the mossy fibers of individual
adult-generated granule neurons diverge in their projec-
tion to the hippocampus.

153

Functional significance
of adult-generated cells

Although it has been recognized previously that pheno-
typically mature, adult-generated hippocampal neurons
extend axons into the mossy fiber pathway in the rat, the
present study indicates that this contribution is far more
significant than previously reported. In addition, we have
found that immature granule cells also extend mossy
fibers into area CA3, the significance of which remains
unclear. Adult-generated granule cells may pass through a
period of functional immaturity similar to the perinatal
developmental period. During development, immature
granule neurons exhibit giant depolarizing action poten-
tials in response to stimulation of the y-aminobutyric acid
A receptor (Liu et al., 1996; Hollrigel et al., 1998) and
prolonged long-term potentiation at the perforant path
synapse (Bronzino et al., 1994). These phenomena may
influence neuronal differentiation, for example, by mediat-
ing intracellular calcium flux (Ben-Ari et al., 1997), and, in
addition, may contribute to the overall network properties
of the hippocampal formation. The unique physiological
attributes of immature granule neurons in development,
coupled with the present evidence that these cells rapidly
extend axons into area CA3, imply the presence of a
functionally heterogeneous population of granule neurons
within the dentate gyrus. Perhaps these varied cell popula-
tions each provide unique input to the CA3 region.

Of some relevance to this idea is the identification of a
sensitive period during which experience influences the
survival of immature adult-generated neurons in the male
rat (Gould et al., 1999a). Typically in this species, and
under standard laboratory conditions, a large proportion
of adult-generated neurons degenerate during a period
that follows 1-2 weeks after BrdU labeling (Cameron et
al., 1993; Gould et al., 1999a). Spatial navigation learning
in the Morris water maze and training in the trace form of
classical eye-blink conditioning, paradigms that specifi-
cally require the hippocampus (Morris, 1984; LaBar and
Disterhoft, 1998), have been demonstrated to increase the
survival of adult-generated neurons during this sensitive
period (Gould et al., 1999a). The present study presents
the possibility that immature neuronal networks may
provide the foundation for learning-dependent neuronal
rescue, perhaps by forming an anatomic substrate for
activity-dependent synaptic strengthening.
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