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ABSTRACT

Previous studies of the adult rat hippocampus have reported
neurogenesis in the region of the dentate gyrus. In the present work, a novel
labeling protocol was developed in an attempt to account for the cytokinetic
changes in cell turnover which occur in the central nervous system as an
animal ages. Following the adminstration of intraperitoneal injections of
bromodeoxyuridine every two hours for a period of 48 hours, mitotically-
active cells were identified in the dentate gyrus of the adult mouse. However,
mitotically-active cells were also observed throughout Ammon’s horn.
Studies of the number and distribution of mitotically-active cells, comparing
the bromodeoxyuridine protocol with an identical protocol employing lower
concentrations of tritiated thymidine, suggest a lack of toxicity in long term
labeling. = Immunocytochemical analysis of the bromodeoxyuridine-
immunoreactive cells immediately following the labeling period, showed a
lack of antigenic expression of known markers for neurons and astrocytes.
Subsequent analysis of the cells’ antigenic properties performed at 3, 6, 9, 12,
and 24 weeks demonstrated the presence of double-labeled glia and neurons
throughout the hippocampus. These results demonstrate for the first time,
the generation of new neurons and glia in Ammon’s horn of the adult
hippocampus. The distribution of the newly-generated cells suggests that

they may participate in the modulation of synaptic efficacy.
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1. INTRODUCTION

The hippocampal formation is one of the most intensely studied and well
described regions in the mammalian central nervous system (CNS). Its
characteristics have been the focus of numerous investigations since Ramén y
Cajal (1911) and his pupil, Lorente de NG (1934), performed their historic Golgi
studies. Interest in the hippocampus is warranted not only through its
functional role in learning and memory (Alkon et al. , 1991; Squire, 1992; Zola-
Morgan and Squire, 1993), but also by the unique organizational and
developmental characteristics it possesses. Its highly ordered structure and
extended period of neurogenesis have made the hippocampus a popular model
for the study of brain plasticity and regenerative capacity (reviewed in Isaacson

and Pribram, 1975, 1985).

11 Structural organization of the hippocampus

Compared to other regions of the CNS, the hippocampus is characterized
by a relatively simple cytoarchitecture. In a coronal section, the hippocampus
has an appearance of two arcs (Figure 1), the smaller one (dentate gyrus)
bordering on the inferior edge of the larger arc (Ammon’s horn). The large arc
of Ammon’s horn is composed of a narrow layer (3-5 cells deep) of pyramidal
cells divided into 4 fields; CA1, CA2, CA3, and CA4 which extend from the
subiculum (Sb), towards the dentate gyrus (Lorente de NG, 1934; Blackstad,



Figure 1. A coronal section of the hippocampal region in an adult mouse.

This cresyl violet stained coronal section (14 pm) of the adult mouse

hippocampus corresponds closely to Plate 42 of the stereotaxic atlas of Sidman
et al. (1971), at a level about -1.3 bregma. Abbreviations: DG, dentate gyrus; Gr,
granule cell layer of the dentate gyrus; h, hilus of the dentate gyrus (also called
CA4); Inf, infrapyramidal limb of the dentate granular layer; Lmol, lacunosum
molec;ulare layer of Ammon’s horn; Mol, stratum moleculare of the dentate
gyrus; Or, oriens layer; Py, pyramidal cell layer; Rad, radiatum layer; Sb,
subiculum; Sup, suprapyramidal limb of the dentate granular layer; 3%, third
ventricle. Figure adapted from Slotnick and Leonard (1975).
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1956; Angevine, 1965). The CAl region is immediately adjacent to the
subiculum and is composed of tightly packed medium-sized cells. Following
CA1 (solid line in Fig. 1), a field of larger, less densely packed cells (CA2 and
CA3) are apparent (reviewed in Schwerdtfeger, 1984). (In Nissl stained sections
the CA2 region can not be accurately distinguished from CA3, therefore they
will be considered one region (CA2-3) for the purposes of this study).

Finally, as the pyramidal cell layer extends towards the region of the
dentate gyrus it begins to increase in cell density and .volume. It is this increase
(solid line in Figure 1) which defines the boundary between CA3 and CA4
fields. Lorente de N6 (1934), originally classified the CA4 region as a part of
Ammon’s horn, however, since the region contains polymorph, fusiform, and
other modified pyramidal cell types many today consider it a part of the dentate
gyrus calling it the hilar region (h) (Amaral, 1978; Swanson et al. , 1978;
Schwerdtfeger, 1984). For the purposes of this study the more recent
classification will be followed. It should be noted that the demarcation
employed in Figure 1 is not absolute, but rather reflects operational boundaries
through which cell counts are realized.

The small arc of the dentate gyrus is composed of densely packed (4- 10
cells deep) granule cells which are divided into two limbs or blades (reviewed in
Cowan et al. , 1980; Bayer, 1985). The dorsal limb, which is closest to the

hippocampal fissure, is called the suprapyramidal {Sup), and the other limb the
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infrapyramidal (Inf) in reference to their relative positions to stratum pyramidal
of Ammon’s horn (Isaacson, 1987).
1.2 Hippocampal cell types

The dominant neuronal cell types of the hippocampus are the pyramidal
cells of Ammon’s horn, and the granular cells of the dentate gyrus. Dentate

granular cells are relatively small in diameter (~8-12um) in comparison to

pyramidal cells (~15-20um) (Bayer, 1985). All of the cells in the granule cell

layer are uniformly orientated such that their dendrites extend vertically from
the superficial aspect of the cells towards the molecular layer (Mol) (Anderson,
1975; Stanfield and Cowan, 1979a; Braitenberg and Schuz, 1983; Amaral and
Witter, 1989). The pyramidal cells of Ammon’s horn are also uniformly
orientated such that their apical dendrites extend into stratum radiatum and
lacunosum moleculare layers, while the basal dendrites exit into the oriens layer
(Lorente de NG, 1934; Blackstad, 1956; Angevine, 1965, 1975; Laurberg, 1979;
Bannister and Larkman, 1995 a, b).

Within the concavity of the granule cell layer (i.e. hilus) are several layers
of polymorphic neurons. Classically, these neuroné have been characterized as
basket, chandelier, mossy, GABAergic, peptidergic, and modified pyramidal cell
types based on their typical morphology and neurochemical content (Lorente de
N6, 1934; Blackstad, 1956; Angevine, 1965, 1975; Isaacson, 1975; Laurberg,

1979). However the classifications are by no means exhaustive of the diversity
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of neuronal cell types found within the region. It is believed that the
polymorphic region within the dentate is a continuation of stratum oriens of
Ammon'’s horn, since it exhibits cell types similar to that of stratum oriens. The
majority of the polymorph cells are thought to function as interneurons, both
within the region of the dentate gyrus and within Ammon’s horn (reviewed in
Schwerdtfeger, 1984).

Within the CA1 region of Ammon’s hom, three types of interneurons or
local circuit neurons are of relevance to this study: basket cells, oriens/alveus
(O/A) interneurons, and lacunosum-moleculare (L-M) interneurons. Basket
cells received their name because of the “basket-like” axonal plexus around the
cell bodies of pyramidal cells (Lacaille ef al., 1989). Basket cells are characterized
by large somas (approximately 45 um in diameter) and the presence of basal and
apical dendrites (Lorente de N6, 1934). Most of these cells are considered to be
GABAergic inhibitory interneurons, which receive synaptic input from a variety
of sources (Schwartzkroin and Mathers, 1978; Ashwood et al, 1984). O/A
interneurons are multipolar cells, 20-30um in diameter, located on the oriens-
alveus border. The majority of their dendrites run parallel to the alveus, and
receive numerous synaptic contacts (Lacaille ef al., 1989). Like the basket cells,
O/ A neurons appear to be GABAergic in nature. L-M interneurons are located
within the lacunosum-moleculare region of CAl, and are characterized by

extensive dendritic and axonal projections (dendritic trees span two-thirds of



CA1 and part of the dentate gyrus) (Kunkel et al., 1988). Their axons also branch
extensively with processes reaching as far as stratum oriens. As with basket and

O/ A interneurons, L-M interneurons are inhibitory in nature.

The distribution of glia within the hippocampus generally corresponds to
the laminar organization and afferent fiber orientation in the particular region
(Rose et al. , 1976; Gall et al. , 1979; Zimmer and Sunde, 1984; Kosaka and
Hama, 1986). As a result, in Ammon’s horn each neuropil layer is characterized
by it’s own astroglial cytoarchitecture, while in the dentate astrocyte cell bodies
are vertically orientated into the granular layer, corresponding to the granule

cells fiber orientations there.

1.3 Development of the hippocampus

The principle data concerning the sequence of events in the development
of the hippocampus were obtained in autoradiographic experiments by
administering tritiated ([3H])-thymidine to a series of pregnant animals or
directly to their offspring. Thymidine, a specific precursor of chromosomal
deoxyribonucleic acid (DNA), is incorporated into cell nuclei during the S-phase
of the cell cycle, when new DNA is being formed (Taylor et al., 1957; Hughes et
al., 1958; Sidman et al., 1959). When animals are injected with [3H]-thymidine
only the cells proliferating at the time of the injection tend to incorporate the

administered nucleotide and become "tagged”. By harvesting the brains of



groups of animals at different times after the administration of the radiolabel, a
time-lapse record can be established, mapping the fate of the tagged cells in
regards to their subsequent divisions, migrations, and differentiations. Such
investigations performed in the mouse (Angevine, 1965; Atlas and Bond, 1965;
Caviness, 1973; Stanfield and Cowan, 1979b; Reznikov, 1991), rat (Altman and
Das, 1965; Bayer and Altman, 1974, 1975; Schlessinger et al. , 1975; Kaplan and
Hinds, 1977; Bayer, 1980a, 1982; Bayer et al., 1993), rabbit (Fernandez, 1969;
Fernandez and Bravo, 1974; Gueneau et al., 1982), guinea pig (Altman and Das,
1967), cat (Altman, 1963; Wyss and Sripanidkulchai, 1985), and rhesus monkey
(Rakic and Nowakowski, 1981; Nowakowski and Rakic, 1981; Rakic, 1985a, b;
Eckenhoff and Rakic, 1988) revealed that while the duration of neurogenesis
was not the same, the overall sequence of hippocampal neurogenesis was
conserved in all mammals. This sequence of neurogenesis (in the rat) is
presented schematically in Figures 2 and 3.
In the rat hippocampus, the generation of neurons begins on embryonic
(E) day 15. The large neurons of the supra- and infrapyramidal regions of
Ammon’s horn are generated first (E15-E17), followed by the pyramidal neurons
between E17 and E19 (Bayer and Altman, 1974; Hine and Das, 1974; Bayer, 1980
a, b; Altman and Bayer, 1990 a, b). Neurogenesis in the dentate gyrus follows
the same pattern, with the production of neurons in the molecular and hilar
regions (E15-E19) preceding the production of granular neurons (E17) (Bayer and

Altman, 1974; Bayer, 1980 a, b; Altman and Bayer, 1990 a, c). While the onset of



Figure 2. Morphogenetic migrations in the development of Ammon’s horn.

Neurogenesis begins on embryonic (E) day 15 with a high level of proliferative
activity within the hippocampal neuroepithelium (ne). The pyramidal cells
(those of the CA3 region) close to the fimbria (FI), are generated first (peaking at
E17), extending the neuroepithelium towards the subiculum (SU). The
pyramidal neurons closer to the SU, (those of CA1l), are subsequently generated
much later (peaking on E18), but settle in stratum pyramidale before the earlier
generated CA3 cells (see CAlm at plate E20). So, early-generated pyramidal
cells are destined to settle in the late forming CA3 region, while late-generated
pyramidal cells are destined to settle in the early-forming CA1 region. Figure

taken from Altman and Bayer (1990b).
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Figure 3. Morphogenetic migrations in the development of the dentate gyrus.

Beginning on day E19, proliferating cells of the secondary dentate matrix
proceed toward the developing dentate gyrus, forming the dentate migration.
The first dentate migration (dgm 1) is the source of the earliest generated granule
cells that will later constitute the outer shell, or skeleton, of the granular layer.
The second dentate migration (dgm 2) penetrates the basal polymorph layer and
reaches the tip of the external dentate limb (DGe) by the first few days after birth.
The second dentate migration gives rise in succession to the transient tertiary
dentate matrix(dgt) and the enduring subgranular zone (sgz). These two
germinal matrices represent the intrinsic (intradentate) sources of the large
compliment of postnatally acquired “late” and “latest” granule cells that settle in
the inner core of the granular layer immediately above the subgranular zone.
The tertiary dentate matrix is prominent between days P3 and P10, after which
its cells settle into the region of the subgranular zone to form a continuous

proliferative matrix. Figure taken from Altman and Bayer (1990c).
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neurogenesis in Ammon’s horn and the dentate gyrus occurs at about the same
time, granular neurons of the dentate, having originated at the same period of
time continue to be produced well into post-natal life, at a time when the
generation of other cell types in the hippocampus is thought to be complete
(reviewed in Cowan et al. , 1980 and Bayer et al. , 1993). In animals in which
neurogenesis has been studied most (mouse and rat) it is reported that no less
than 80% of granular neurons are produced during the first 3 weeks after birth
(Angevine, 1963; Bayer and Altman, 1974; Schlessingeret al., 1975; Bayer, 1980a,
1985; Reznikov, 1991). This post-natal production of granule cells has also been
observed in the rabbit (Gueneau et al., 1982), cat (Altman, 1963; Wyss and
Sripanidkulchai, 1985), guinea pig (Altman and Das, 1967), and rhesus monkey
(Rakic and Nowakowski, 1981; Rakic, 1985; Eckenhoff and Rakic, 1988). The
generation of granular neurons has further been reported to continue into
adulthood in the rat (Kaplan and Hinds, 1977; Bayer, 1982; Gueneau et al., 1982;
Kaplan and Bell, 1984; Bayer, 1985; Crespo et al. , 1986; Trice and Stanfield, 1986;
Stanfield and Trice, 1988; Cameron et al., 1993).

During the embryonic period hippocampal development is dependent
upon the migration of cells from the hippocampal neuroepithelium adjacent to
the lateral ventricles (Figure 2). However, during post-natal life these ventricular
germinal matrices become “exhausted”, leaving the late-developing dentate
gyrus dependent upon secondary extraventricular proliferative zones, namely

the tertiary dentate matrix and subgranular zone (reviewed in Cowan et al., 1980;
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Gueneau et al., 1982; Altman and Bayer, 1990a, 1990b, 1990c). These secondary
proliferative zones were established through the migration (Figure 3) of putative
precursor cells from the dentate neuroepithelium and serve as the source of
granule cells in post-natal animals, as well as in mammals in which neurogenesis
has been demonstrated to continue into adulthood (Angevine, 1963, 1964, 1965;
Altman and Das, 1967; Kaplan and Hinds, 1977; Bayer, 1982; Gueneau et al.,
1982; Kaplan and Bell, 1984; Boss et al., 1985; Stanfield and Trice 1988; Cameron

etal., 1993; Gage et al., 1995; Kuhn et al., 1996).

Unfortunately, data concerning the onset of gliogenesis in the
hippocampus is lacking. Investigations of the appearance of radial glia and
astrocytes report their initial detection before the onset of neurogenesis (Levitt
and Rakic, 1980; Woodhams et al. , 1981; Eckenhoff and Rakic, 1984; Rickmann
et al. ,1987). Furthermore, the results of several investigations illustrate that
extraventricular post-natal cytogenesis within the dentate is not limited to the
generation of neuronal progeny (Bayer and Altman, 1974; Schlessinger et al.,
1975; Bayer, 1980a; Bayer, 1985). Using combined immunohistochemical and
autoradiographic techniques, Cameron et al. (1993) positively identified newly-
generated glial cells (astrocytes) in the subgranular zone of both post-natal and
adult rats. Bayer and Altman (1974) reported that the majority of the post-natally
derived glial cells (about 80%) arise from the subgranular zone.
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In summary, the sequence of neuro- and gliogenesis is conserved in all
mammals and the post-natal production of new neurons and glia has been
illustrated in numerous species. However, it has been accepted that only in the
dentate gyrus of the rat, does the production of new neurons and glia continue

throughout the life of the animal.

14 A novel picture of mitotic activity

In 1994 as part of a summer studentship in the in vivo laboratory of
NeuroSpheres Ltd., I assisted Dr. Poulin in the development of a labeling
protocol which was designed to identify slow cycling cells in vivo. Rationale for
the experimental design was adapted from Morshead and van der Kooy (1992),
who administered intraperitoneal (i.p.) injections of bromodeoxyuridine (BrdU;
a thymidine analog) every two hours for a period of 12 hours, to detect the
entire population of constituitively proliferating cells in the adult subventricular
zone. This work established that the constituitively proliferating cells of the
subventricular zone had a cell cycle time of approximately 12.7 hours, 4.2 hours
of which were spent in S-phase (Morshead and van der Kooy, 1992). In
addition, the existance of another population of cells characterized by small
numbers, extended periods of mitotic quiescence, and cell cycles times in excess
of 12 hours had been inferred by the works of Nowakowski ef al. (1989), Craig et
al. (1994), and Morshead et al. (1994). On the basis of these latter studies, Dr.
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Poulin created an extended labeling protocol, adapted from Morshead et al.
(1994), to identify these more slowly proliferating cells in vivo.

Although the occurrence of [3H]-thymidine and/or BrdU-labeled cells in
the adult mammalian hippocampus had not been reported outside the region of
the dentate gyrus, preliminary data indicated that BrdU-IR cells were not
restricted to previously characterized "zones of proliferation”, but were instead
located throughout the parenchyma. After a more detailed examination of the
distribution of the labeled cells, it became apparent that the picture of mitotic
activity we were observing within the hippocampus was different from what had
previously been reported. That is, putative mitotically-active cells were
identified in regions where proliferation was thought to be absent.

In an effort to ascertain why we were observing a different picture of
mitotic activity in the region of the hippocampus, a review of the literature
describing the “classic” picture of activity was undertaken. The majority of early
experiments assaying mitotically-active cells in post-natal animals employed a
single (i.p.) injection of [3H]-thymidine given at varying concentrations (Altman,
1963; Altman and Das, 1965, 1966a; Altman, 1966). More recent studies
performed in adult animals employed either the single pulse method (Kaplan
and Hinds, 1977; Kaplan and Bell, 1984; Crespo et al. , 1986; Cameron et al. ,
1993; Seki and Arai, 1995), or a variation of the theme by administering daily
single pulses of either [3H]-thymidine or BrdU over a period of 2-4 days (Bayer,

1980 a, b; Gueneau et al., 1982). Both methods revealed the same picture of
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mitotic activity at comparable developmental stages. If both methods revealed
comparable pictures of mitotic activity in the mammalian hippocampus, why
were we seeing a different one? The answer, I propose, may be due in part to
potential changes in the cytokinetic conditions as an animal ages since the

extended labeling protocol was designed to detect slower cycling cells.

1.5  Cytokinetic differences in the embryonic versus adult CNS

As an animal matures, the proportion of cells that comprise the
proliferating population (i.e. growth fraction) decreases from a level of 100% in
the embryo, to approximately 0.4% in an adult animal (reviewed in Korr, 1980;
Schultze and Korr, 1981). Accompanying this decline is a significant increase in
the average cell cycle time of proliferating cells in the population. During
embryogenesis, the average cell cycle time is about 8 hours, however in the
adult these times more than double to a period of approximately 20 hours (Atlas
and ﬁond, 1965; Waechter and Jaensch, 1972; Lewis, 1978). So as an animal
approaches adulthood its cellular environment, which was once characterized
almost exclusively of rapidly proliferating cells, is transformed into an
antithesis, where only a fraction of the cells are mitotically-active, and they take
considerably longer to divide. This inverse relationship between embryonic and
mature cellular environments is illustrated in Figure 4.

Considering the cytokinetic differences of the adult versus embryonic

mammalian CNS, it stands to reason that standard single pulse methods (or
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Figure 4. A comparison of embryonic versus adult cytokinetic conditions.

Shortly after the formation of the neural tube (E11-12), the average cell cycle time
in the rodent is about 8 hours, 5 hours of which are spent in S-phase. As the
animal ages cell cycle times increase, until in the mature animal the average cell
cycle time is 18-20 hours, with a 7-10 hour S-phase. Accompanying this
lengthening of the cell cycle is a decrease in the growth fraction. In early murine
development (<E14), the growth fraction of the cells in the ventricular zone of the
neural tube is 1.0, but soon after, it begins to decline sharply till reaching

approximately 0.19 during juvenile life (reviewed in Korr, 1980).
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variations thereof) would reveal a much different picture of mitotic activity than

protocols which attempt to account for these differences.

1.6  Statement of Hypothesis
A novel picture of mitotic activity within the adult mammalian
hippocampus can be achieved by accounting for increased cell cycle times and

decreased growth fractions in comparison to early development.

1.7 Experimental Objectives

(i)  Develop a labeling protocol that accounts for increased cell cycle times
and decreased growth fractions in the adult central nervous system.
Preliminary results demonstrated that the picture of mitotic activity we
were observing was different from those that had previously been reported.
This difference was attributed to the administration of the nucleotide (BrdU)
every two hours for a period of 12 hours, rather than by a single pulse. This
protracted window of delivery was presumed to affect the detection of
proliferating cells (and the picture of mitotic activity) by exposing them to a
greater amount of the nucleotide for a longer period of time. The purpose of
this experiment (here after called the BrdU incorporation study) was to
manipulate the concentration of BrdU, and/or the window of delivery of the

nucleotide in a limited number of protocols so as to explore their relative effects
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on the detection of proliferating cells. At the completion of this survey, a single
protocol was selected based on the relative number and distribution of the
BrdU-IR cells. This protocol was employed to investigate the identity of the
BrdU-labeled cells.

(ii) Establish that the chosen protocol does not produce a toxic effect on the
BrdU-labeled cells.

Before we can begin an investigation into the fate of the BrdU-IR cells it is
important to determine whether the labeling protocol chosen, in fulfillment of
the first experimental objective, will cause toxic side effects in the labeled cells.
It has been demonstrated that when high levels of nucleotides such as BrdU are
incorporated into proliferating cells, cytotoxic effects such as an inhibition in the
cell cycle may result (reviewed below). To assay for any potential toxic effects, a
second set of animals were adminstered the same frequency of injections using
[*H]-thymidine. It is important to employ a dose of [3H]-thymidine which has
previously been demonstrated not to produce any detectable toxic effects.
Following the completion of the [3H]-thymidine and BrdU injection protocols, a
comparison of the number and distribution of labeled cells using each method

should elucidate any cytotoxic changes.
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(iii) Establish the fate of the BrdU labeled cells at various periods following
the incorporation of the nucleotide.

The purpose of this experiment was to investigate what happens to the
BrdU-IR cells over time as a function of number, distribution and fate. This was
accomplished by perfusing the animals immediately following the completion of
the BrdU injection protocol, and at survival times of 3, 6, 9, 12, and 24 weeks. By
employing double-label immunocytochemistry using known markers for
neurons (NeuN, Calbindin) and astrocytes (GFAP, S-100) at these time points we
can establish which phenotypes are produced and their temporal appearance in

the hippocampus.



2. MATERIALS AND METHODS

Adult male CD-1 mice (29-33 grams) were obtained from Charles River
and kept on a standard laboratory diet with free access to water and food.
Following the injection of either BrdU or [3H]-thymidine (see below), animals
were deeply anesthetized with sodium pentobarbital (intraperitoneal injection
of Nembutal, 0.1 mL) and perfused transcardially first with 0.9% saline (NaCl)
followed by a fixative solution (4.0% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4). The brain was removed from the skull and postfixed overnight
at 4°C in the same fixative solution. Following post fixation, brains were
cryoprotected in 10% then 20% sucrose (in 0.1M phosphate buffered saline)

overnight at 4°C, followed by a solution of 20% sucrose (in 0.1M PBS) with

Tissue-Tek OCT embedding compound at a ratio of 2:1 overnight. Brains were
embedded in OCT and frontal sections were cut with a MICROM cryostat. All
sections were cut at 14um except for those in the BrdU incorporation study,
which were cut at 30um. Serial sections were mounted on gelatin coated slides

and dried at room temperature. Slides were stored at -80°C until needed.

Immediately before processing the slides were removed from the freezer,

allowed to warm to room temperature, and air dried.
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2.1 Labeling of mitotically-active cells

2.1.1 BrdU incorporation study labeling protocol

The region of the dentate gyrus was arbitrarily chosen as a representative
structure through which to examine the effects of various labeling protocols.
Animals were administered (i.p.) injections every two hours with 0.15 mL of
BrdU (Sigma, dissolved in 0.007N NaOH in 0.9% NaCl) at concentrations of 1.8,
9.0, and 18.0 mg/mL for a period of 12, 24, 48, and 72 hours (see Figure 5). The
12, 24, and 48 hour labeling protocols were preceded with the administration of
physiological saline, in order to assure that all animals received an equal
number of injections. Control mice received 0.15 mL injections of physiological
saline for the duration of the injection protocol. In all cases, 30 minutes after the
last injection was administered, the animals were perfused and their brains

sectioned and processed for BrdU immunocytochemistry (Granzber, 1982).

2.1.2 BrdU-[3H]-thymidine toxicity study labeling protocol

Two sets of animals received i.p. injections of either 0.15 mL of BrdU (9.0
mg/mL dissolved in 0.007N NaOH in 0.9% NaCl; 45 mg/kg body weight) or
0.10 mL of [3*H}-thymidine ( 6.7 Ci/mmol; 8.33 uCi/injection; ICN Biomedical;
10 mg/kg B.W.) every two hours for 48 hours. At the completion of the
injections, each animal had received a total of either 32.4 mg of BrdU (1080

mg/kg B.W.) or 7.21 mg of [3H]-thymidine (240 mg/kg B.W.). All control mice



Figure 5. A schematic representation of BrdU injection protocols.

All animals were administered one injection (i.p.) every two hours for a period
of 72 hours. Bold lines indicate the time course of BrdU injections, while thin
lines indicate the time course of saline injections. The 12, 24, and 48 hour BrdU
injection protocols were preceded with the administration of physiological
saline to assure that all animals received an equal number of injections. Three
concentrations of BrdU (1.8, 9.0, and 18.0 mg/mL) were employed for each time

period (i.e. 24 hours), with four animals (n = 4) in each condition.
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received 24 injections of 0.15 mL physiological saline. 30 minutes following the

last injection, all animals were sacrificed and their brains removed, sectioned,
and processed for either BrdU immunocytochemistry or [3H]J-thymidine
autoradiography. The BrdU-[3H]-thymidine parallel labeling experiment was
performed on three separate occasions, with each trial employing three animals
in either condition.

Rationale for the PH]-thymidine labeling protocol used in this study came
from Lois and Alvarez-Buylla (1993), who labeled dividing cells with the same
protocol, except only for 12 hours. In their study Lois and Alvarez-Buylla (1993)
demonstrated that the cells which were labeled in vivo, differentiated directly
into neurons and glia in vitro. In further studies, Lois and Alvarez-Buylia (1994)
injected 10 nanoliters of [*H]-thymidine (1 mCi/mL; specific activity = 6.7
Ci/mmol) directly into the lateral ventricles of an adult mouse assaying for the

same cells. The labeled cells migrated from the ventricles towards the olfactory
bulb at a rate of 30 um per hour (similar to that reported for tangentially

migrating young neurons during development (O'Rourke et al,, 1992; Fishell e
al., 1993)), proliferating enroute and differentiating into neurons upon reaching
their destination. This investigation further suggests that the incorporation of
an even higher dose of the nucleotide, failed to produce an inhibition in
proliferation or other cytotoxic effect (Spector, 1980; Spector and Berlinger,

1982). Olsson (1976) demonstrated that a single i.p. injection of PH]J-thymidine

(10 uCi/g BW.; specific activity 5.0 Ci/mmol) into an adult mouse would
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induce only a temporary inhibition in the cell cycle of proliferating epidermal
cells.

In comparison to the above cited works, the dose of [°’HJ}-thymidine
employed in the BrdU-[*H]-thymidine toxicity study has: (a) a lower
concentration (0.25uCi/g B.W. versus 1.0uCi/g B.W.) than that needed to induce
even a temporary inhibition in the cycle of cells outside the blood brain barrier,
(b) a lower concentration (83.3 pCi/mL versus 1.0 mCi/mL) than Lois and
Alvarez-Buylla (1994), who injected [*H]-thymidine directly into the lateral
ventricles and observed no apparent cytotoxic effects, and (c) an identical
concentration and specific activity to that of Lois et al. (1993). The studies cited
above indicate that the [PH]-thymidine labeling protocol employed in this work

does not cause cytotoxic stress on the labeled cells.

2.1.3 Fate of BrdU-immunoreactive cells over time.

Eighteen mice were administered injections of BrdU (45 mg/kg B.W. per
injection) every two hours for a period of 48 hours (1080 mg/kg B.W. in total).
Thirty minutes following the last injection (considered day zero) 3 animals were
perfused and their brains removed. The remaining mice were perfused and

their brains removed at survival times of 3, 6, 9, 12, and 24 weeks (n=3 for each).
After sectioning each brain (14um), double label immunocytochemistry was

performed on BrdU-immunoreactive (BrdU-IR) cells using known markers for
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neurons (NeuN and Calbindin) and astrocytes (GFAP). Previous studies have
shown that in the brain: (i) NeuN recognizes a neuronal specific nuclear protein
(Mullen et al., 1992), (ii) GFAP is expressed exclusively by glia (Kalman and
Hajos, 1989; Hajos and Kalman, 1989), (iii) S-100 is also exclusively expressed in
astrocytes (Matus and Mughal, 1975; Ghandour et al., 1981a), and (iv) Calbindin
D28-k is present in all dentate granule cells, and some, but not all, CA1 and CA2
pyramidal cells (Sloviter, 1989; Celio, 1990).

2.2 Immunocytochemistry

2.2.1 BrdU immunocytochemistry
Sections processed for BrdU were rinsed in washing solution (0.1 M PBS
containing 0.02% sodium azide) for 20 minutes before any

immunocytochemistry was performed. The sections were incubated in 1.0N
HCI for 30 minutes at 60°C to denature the DNA, then rinsed in washing

solution (3 X 15 minutes), and incubated overnight at room temperature in a
primary rat monoclonal antibody (1:50) directed against single-stranded DNA
containing BrdU (Seralab). The next morning, the sections were rinsed in
washing solution (3 X 15 minutes) and incubated for 1 hour in anti-rat IgG FITC
(Jackson, diluted 1:100 in washing solution) at room temperature then rinsed
and coverslipped under FluorSave (Calbiochem). Staining controls for this

section involved the deletion of the anti-mouse BrdU antibody from the labeling
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protocol. Each negative control was processed alongside a positive control for

validity.

222 Double labeling immunocytochemistry

Sections processed were rinsed in washing solution (0.1 M PBS containing
0.02% sodium azide) for 20 minutes before any immunocytochemistry was
performed. The sections were then incubated overnight at room temperature
(RT) in a solution containing mouse monoclonal antibodies to either GFAP
(Boehringer Mannheim, 1:200), S-100 (Sigma, 1:500), or NeuN (gift from Dr. R.
Mullen, 1:50) all diluted in 0.IM PBS + 0.3% triton + 10% normal goat serum.
The sections were then rinsed in washing solution (3 X 15 minutes) and
incubated in anti-mouse IgG CY3 (Jackson, diluted 1:100 in washing solution)
for 1 hour (RT). Sections processed for Calbindin immunoreactivity were
incubated for 3 days at 4°C in a solution containing rabbit polyclonal antisera to
Calbindin D28K (gift from Dr. K. Baimbridge, 1:500) diluted in 0.1IM PBS + 0.3%
triton + 20% normal goat serum + 1.0 mMol EDTA + 20 units/mL heparin. The
sections were then rinsed in washing solution (3 X 15 minutes), incubated for 1
hour (RT) in biotin-conjugated anti-rabbit IgG (Jackson, diluted 1:500 in washing
solution), rinsed again (3 X 15 minutes), and incubated for 1 hour (RT) in
streptavidin conjugated CY3 (Jackson, diluted 1:1000 in washing solution).
Following the completion of the first label, the sections were rinsed again in

washing solution (3 X 15 minutes), then incubated in 1.0N HCI for 30 minutes at
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60°C to denature the DNA. Following incubation, sections were rinsed in

washing solution (3 X 15 minutes), and incubated overnight at room
temperature in a primary rat monoclonal antibody (1:50) directed against single-
stranded DNA containing BrdU (Seralab). Finally, the sections were rinsed in
washing solution (3 X 15 minutes), and incubated for 1 hour in anti-rat IgG FITC
(Jackson, diluted 1:100 in washing solution) at room temperature, then rinsed in
washing solution (3 X 15 minutes) and the slides were coverslipped under
FluorSave (Calbiochem). Controls for each of the two phases of the double label
were performed by the deletion of the respective primary antibody. Alongside
each negative control, a positive control was processed for validity. In the case
of calbindin immunoreactivity, two sources of anti-calbindin were employed
(Calbindin D-28k; gift from Dr. K. Baimbridge and Anti-Calbindin-D; Sigma). In

both cases, an identical pattern of labeling was observed.

2.3 Autoradiography
Those slides prepared for autoradiography were dipped in Kodak NTB-3

(diluted 1:1 in ddH>0) emulsion and exposed for 14 days at 4°C. Slides were

then developed in Dektol (Kodak), rinsed in ddH,O, fixed in Ektaflo (Kodak),
rinsed again, stained for Nissl using Cresyl Violet and coverslipped under

Permount. Control sections were processed as described above.
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2.4 Cell counts and quantification

All slides were coded prior to microscopic analysis and the code was not
broken until the analysis was complete. Three sections were examined at each
rostral (-1.3), mid (-2.1), and caudal (-2.9) coordinate as measured from bregma
(Sidman et al., 1971), to assure consistency in counts between animals. At each
coordinate, all the regions of Ammon's horn and both blades of the dentate
gyrus were visible. Demarcation of the boundaries employed to distinguish
CAl, CA2-3 and dentate gyrus regions of the hippocampus are illustrated by
solid lines in Figure 1. The counting area of the dentate gyrus was further
distinguished by the hippocampal fissure and hippocampal sulcus, as was
Ammon’s horn by the lateral ventricles. Cell counts for the number of BrdU-IR
cells in each study were corrected as previously described in Ambercrombie
(1946). Cells were considered BrdU-IR by examining their morphologies,
patterns of fluorescence, and intensity of fluorescence. Any cell which exhibited
an autofluorescent signal, or had an uncharacteristic morphology were not

counted.

2.5 Image Analysis

Photomicrographs were created by first capturing the image using Kodak
Ektachrome Elite 400 slide film. Processed slides were then digitized, cropped,
and corrected for brightness and contrast using Adobe Photoshop 3.0 for

Macintosh.



3.0 RESULTS

3.1 BrdU incorporation study

To study the effect of manipulating the concentration and time course of
delivery of BrdU on the detection of mitotically-active cells, animals were
administered BrdU at concentrations of 1.8, 9.0, and 18.0 mg/mL every two
hours for 12, 24, 48, and 72 hours (Figure 5). Under all conditions examined,
BrdU-IR cells were detected not only in the region of the dentate gyrus, but also
throughout Ammon's horn (Figure 6). The highest density of immunoreactive
cells were found in the region of the subgranular zone directly below the
granule cell layer of the dentate gyrus (Figure 6). Doublets of BrdU-IR cells
(arrows, Figure 6) were evident throughout the hippocampus, with their highest
incidence in the subgranular zone.

The region of the dentate gyrus was arbitrarily chosen as a representative
structure through which to examine the relative effects of the manipulating the
concentration of nucleotide and period of injections. Quantitative analysis
revealed that regardless of the concentration of BrdU employed, the 12 hour
protocol did not detect the greatest number of BrdU-IR cells in comparison to
longer time periods (Figure 7). Focusing on the 9.0 mg/mL data points, a
leveling off in cell number is evident between the 48 and 72 hours. This

“plateau” was not realized when a lower concentration (1.8 mg/mL) of BrdU



Figure 6. Distribution of BrdU-immunoreactive cells in the hippocampus.

Photomicrographs of BrdU-IR cells in a caudal section of the hippocampus
demonstrating the presence of labeled cells in various regions of the dentate
gyrus and Ammon's horn. The highest concentration of BrdU-IR cells was

observed in the subgranular zone. Note the presence of doublets (arrows)

throughout. Scale bar = 88um.






Figure 7. Quantitative analysis of BrdU-immunoreactive cells in the dentate

gyrus.

In order to assure that homologous regions of the dentate were counted
throughout the experiment, 3 individual (30um) tissue sections were quantified
at each rostral, medial, and caudal coordinate. Then the mean number of BrdU-
IR cells for each coordinate was calculated, providing a rostral, medial, and
caudal mean cell count. Finally, the mean cell counts derived from the rostral,
medial, and caudal coordinates were added together, to provide a
representative total number of cells for each animal. Figure 7 illustrates this
representative total cell count for each condition as a function of labeling period.
Error bars represent the standard deviation from the mean for averages within

each condition for one set of experiments.
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was employed, but is apparent at an earlier time point (24 hrs.) when higher
concentrations (18.0 mg/mL) of BrdU were employed. The detection of the
greatest amounts of BrdU-IR cells for this set of experiments was achieved by
employing concentrations of 1.8 mg/mL over 72 hours (97 * 9 cells), or 9.0
mg/mL over 48 hours (96 * 8 cells). Though both protocols detected an
equivalent number of cells, the latter was selected to investigate the identity of
the BrdU-IR cells and ascertain the potential toxic effects of incorporating the

BrdU nucleotide.

3.2 BrdU-[BH]-thymidine toxicity study

As outlined in the methods section (2.1.2), three animals in three separate
trials received either: (a) 0.10 mL i.p. injections of 10 mg/kg B.W. of [3H}-
thymidine (8.33 pCi/injection; specific activity = 6.7 Ci/mmol), or (b) 0.15 mL
i.p. injections of 45 mg/kg B.W. of BrdU, every two hours for 48 hours. Upon
completion of the injection protocols, cells which had incorporated the
respective nucleotides were observed both in the dentate gyrus and Ammon's
horn regions in every brain examined. Quantitative analysis revealed that in all
three regions of the hippocampus (i.e. CAl, CA2-3, dentate gyrus), [*H}
thymidine had consistently tagged fewer cells (approx. 27%) than BrdU (Figure
8). An analysis of variance confirmed that when rostral, medial, and caudal cell

counts were combined, significantly fewer cells (F=82.66, p<0.01; Tukey HSD



39

Figure 8. [3H]-thymidine detected significantly fewer cells than BrdU within

each hippocampal region.

In each animal, three individual tissue sections (14um) were quantified at
rostral, medial, and caudal coordinates through the length of the hippocampus.
The mean number of detected cells for each coordinate was calculated,
providing a rostral, medial, and caudal mean cell count. An analysis of variance
demonstrates that when rostral, medial, and caudal mean cell counts are
combined, [3H]-thymidine consistently detected significantly fewer cells than
Brd[f in each of the three regions (i.e. dentate gyrus, CAl, CA2-3) of the
hippocampus counted (F=82.66, p<0.01; Tukey HSD test). Error bars represent

the standard deviation from the mean within each condition in three

experiments.
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test) were detected in the regions of the dentate gyrus, CA1, and CA2-3 by [3H}
thymidine than BrdU.

The distribution of [3H]-thymidine-labeled cells throughout the dentate
gyrus (Figures 9 and 10) all the subfields of Ammon’s horn (Figure 11),
mimicked that of previously described BrdU-IR cells. The highest density of
[3H]-thymidine-labeled cells occurred in the subgranular zone of the dentate
(Figure 9). Doublets of [3H]-thymidine labeled cells were evident throughout
the hippocampus, but were observed preferentially in stratum radiatum and
stratum lacunosum moleculare of Ammon's horn (Figure 11A), as well as the
hilar region of the dentate gyrus (Figure 10). The occasional occurrence of
clusters of three or more [3H]-thymidine labeled cells was only observed in the
crest region (Figure 9D) and subgranular zone of the dentate gyrus.

In summary, [BH]-thymidine detected significantly less cells in
comparison to BrdU, but the distribution of cells detected with both methods
was virtually identical, as was the occurance of mitotic doublets. These results
are consistent with the premise that the BrdU labeling protocol does not cause

any discernable toxic effects in proliferating cells.

3.3 Fate of BrdU-immunoreactive cells over time.
In order to determine what cell types (if any) were being produced in the

hippocampus over time, double label immunocytochemistry was performed



Figure 9. [3H]-thymidine labeled cells are present in the granule cell layer of

the dentate gyrus.

Cresyl violet stained autoradiograms of [3H]-thymidine labeled cells in the
superficial aspect of the suprapyramidal limb (B), crest region (D), and deep
portions of the granule cell layer in the infrapyramidal limb(C) of the dentate

gyrus. A representation of the fields of view (b-d) is provided in (A). Scale bar

in D (10 um) applies to B and C as well.






Figure 10. [3H]-thymidine labeled cells are present in the hilar region of the

dentate gyrus.

Cresyl violet stained autoradiograms of [>H]-thymidine labeled cells within the
hilus close to the crest (B), infrapyramidal (C) and suprapyramidal (D) regions
of the dentate gyrus. Note the appearance of a possible mitotic doublet in (C)

adjacent to the granule cell layer. A representation of the fields of view (b-d) is

provided in (A). Scale bar in D (10um) refers to B and C as well.






Figure 11. [3H]-thymidine labeled cells are present in Ammon’s horn.

Cresyl violet stained autoradiograms of [3*H]J-thymidine-IR cells within stratum
radiatum of CA2 (A), and immediately adjacent to the CA1 pyramidal cell layer.
The two labeled cells in close approximation in (A) suggest a possible mitotic
doublet. Note the difference in size of cresyl violet stained [3H]J-thymidine

labeled cells versus cresyl violet stained unlabeled cells. Scale bar in B (10um)

refers to both panels.
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on BrdU-IR cells using known markers (see Methods section 2.2.2) for neurons
(NeuN, Calbindin) and astrocytes (GFAP, S-100) at d0, 3, 6, 9, 12, and 24 weeks

(n=3 for each), following the completion of the 48 hour BrdU injection protocol.

3.3.1 Location and number of BrdU-immunoreactive cells.

At all time points examined, BrdU-IR cells were observed throughout the
dentate gyrus and in all regions of Ammon’s horn. Once again, the greatest
density of BrdU-IR cells was in the subgranular zone of the dentate gyrus (data
not shown). The presence of doublets within the hippocampus became
restricted to the deep aspects of the granule cell layer as well as stratum
radiatum and stratum oriens of Ammon's horn as survival times increased. At
the latest survival time examined (24 weeks), only one doublet per brain was
observed. In contrast to day zero, BrdU-IR cells did not remain uniform in size
or intensity of signal as survival times increased (discussed below).

Figure 12 represents the quantitative analysis of the average number of
BrdU-IR cells as a function of survival time. The greatest number of BrdU-IR
cells were detected at day zero, when approximately (20 + 4) and (18 £ 5) cells

were observed in the dentate gyrus and Ammon's horn respectively



Figure 12. The number of BrdU-immunoreactive cells falls significantly over

time.

Three individual tissue sections were quantified at each rostral, medial, and
caudal coordinate. Then the mean number of BrdU-IR cells for each coordinate
was calculated providing a rostral, medial, and caudal mean cell count. Finally,
average of the mean cell counts was derived, providing a representative average
number of BrdU-IR cells for any section within the hippocampus. For
comparison purposes cell counts were divided into dentate gyrus, CAl and
CA2-3 regions. Within each of the three regions, a significant decline in the
numbér of cells detected at day zero versus 24 weeks occurs (p<0.01; two tailed
T-test). Error bars represent the standard deviation from the mean for averages

within each time point for three animals in one experiment.
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(Figure 12). These counts translate into approximately 1% of the total cell
number in each region being BrdU-IR. By 24 weeks, a significant reduction in
the number of BrdU-IR cells had occurred, with approximately 4 + 1 cells
(0.18%) in the dentate and 2 % 1 cells (0.20%) in Ammon's horn being detected
(in both cases p<0.01; two- tailed T-test) (Figure 12). Although a dramatic
decrease in the overall number of BrdU-IR cells was realized over 24 weeks, the
patterns of decline between the two regions of Ammon's horn and the dentate
gyrus remained relatively consistent. The relationship between the density of
BrdU-IR cells in CA1l versus CA2-3 also remained virtually unchanged

throughout the time ccurse of study.

3.3.2 BrdU-immunoreactive cells differentiate into neurons and glia in the dentate
gyrus.

Thirty minutes following the completion of the labeling protocol (d0),
none of the BrdU-IR cells examined in the dentate gyrus appeared double-
labeled for either neuronal (NeuN) or glial (GFAP, S-100) markers (Figure 13).
However, at the next time point examined (3 weeks) over half (~58.6%) of the
BrdU-IR cells were NeuN-IR, while a smaller portion (~13%) were GFAP-IR. As
survival times increased, the number of BrdU-GFAP double-labeled cells
remained relatively unchanged, while the percentage of BrdU-NeuN-IR cells
declined significantly to approximately 20.2 % at 24 weeks (p<0.01; two tailed T-

test ) (Figure 13).
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Figure 13. Over time BrdU-immunoreactive cells express neuronal and glial

antigens in the region of the dentate gyrus.

Percentage of BrdU-IR cells in the dentate gyrus which were NeuN-IR (solid
bar) and GFAP-IR (stippled bar) at different survival times following the
administration of BrdU. A comparison of the number of double-labeled cells at
3 weeks and 24 weeks reveals no significant difference in the percentage of
BrdU-GFAP-IR cells, but a significant decrease in the percentage of BrdU-NeuN-

IR cells (p<0.01; two tailed T-test). Error bars represent mean + S.D.
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Although the vast majority of BrdU-GFAP-IR cells in the dentate were
located outside the granule cell layer (Figure 14B), examples of BrdU-GFAP-IR
cells were occasionally observed within the granule cell layer (Figure 14A). For
the most part, BrdU-GFAP-IR cells within the hilus and molecular layers
displayed morphologies (small cell bodies and numerous stellate processes
extending into the granule cell layer) characteristic of mature astrocytes (Figure
14A).

In contrast to the labeling pattern described above, the majority of BrdU-
NeuN-IR cells were located within the granule cell layer. This made the
confirmation of BrdU-NeulN-IR cells somewhat difficult to discern due to the
overlapping of neuronal cell bodies. However, examples of BrdU-NeulN-IR cells
were detected immediately adjacent to the subgranular zone as well as in the
hilar region, making the confirmation of the double-label coincident more
certain (Figure 15A,B). To assure that the double-label coincident was genuine,
a second neuronal marker, Calbindin, was employed (Figure 15 C-H). The
distribution of BrdU-Calbindin- and BrdU-NeuN-IR cells were virtually
identical, with the majority of the BrdU-Calbindin-IR cells being located in the
granule cell layer.

Figure 15 illustrates both BrdU-NeulN- and BrdU-Calbindin-IR cells in the
dentate gyrus. Generally, the BrdU-IR nuclei of NeuN-IR cells (long arrow,
Figure 15A) were considerably larger than those which did not exhibit NeuN-

immunoreactivity (short arrow, Figure 15A). Further, as BrdU-IR nuclei became
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Figure 14. Examples of BrdU-S-100- and BrdU-GFAP-immunoreactive cells in

the dentate gyrus.

Photomicrographs of BrdU-IR cells (processed at 6 weeks) that are GFAP-
immunoreactive (A, arrows) and S-100-immunoreactive (B) in the dentate gyrus.
Note the mature stellate morphology of double-labeled cells both within the

granule cell layer and within the subgranular zone in A (arrows). Scale bar in A

=20 um, while bar in B = 10um.
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Figure 15. Examples of BrdU-NeuN- and BrdU-Calbindin-immunoreactive

cells in the dentate gyrus.

(A,B) Two photomicrographs of BrdU-IR cells (processed at 6 weeks) that are
NeuN-IR (A and B, long arrows) and non-NeuN-IR (A, short arrow) in the
dentate gyrus.

(C-H) Two series of photomicrographs (C-E and F-H) showing BrdU-IR nuclei
(C and F) in the same field and plane of focus with Calbindin-IR cells (D and G),
are combined to produce BrdU-Calbindin double labeled cells in the
infrai:yramidal (E) and suprapyramidal (H) limbs of the dentate gyrus
(processed at 6 weeks). Note: (i) the difference in size of BrdU-IR cells in (A)
that are (long arrow) and are not (short arrow) NeulN-IR, (ii) doublet of BrdU-IR

cells (short arrow, A), and (iii) the mottled appearance of BrdU-IR cells in C and

E, and F and H. Scale bar in B = 20 um, and applies to frames A and B; bar in H

=20um and applies to frames C through H.
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more differentiated (i.e. exhibited mature neuronal or glial cell markers), the
pattern of fluorescence changed from completely filling the nucleus (short
arrow, Figure 15A), to becoming what Nowakowski and Miller (1988) described
as "mottled” in appearance (green cells without arrows, Figure 15 C and F). That
is, bright spots of BrdU-immunofluorescence overlaying a "background” of
moderate BrdU-immunofluorescence. These two characteristics, larger nuclei
and "mottled" BrdU-immunofluorescence, were relatively consistent indicators
of more differentiated cell types. Figure 15 A (short arrow) also illustrates a
possible doublet of BrdU-IR cells in the crest region of the hilus of the dentate
gyrus. As previously described, the incidence of mitotic doublets throughout
the hippocampus was highest in this region (i.e. inmediately adjacent to the

granule cell layer).

3.3.3 BrdU-immunoreactive cells differentiate into neurons and glia in Ammon’s horn.
As in the region of the dentate gyrus, BrdU-NeuN- and BrdU-GFAP-IR
cells were first detected in Ammon'’s horn 3 weeks following the administration
of the nucleotide (Figure 16). Once again the percentages of BrdU-GFAP-IR cells
remained basically unchanged, while the percentage of BrdU-NeuN-IR cells
declined significantly as survival times increased from 3 weeks (~24%) to 24
weeks (~3.7%) (p<0.01; two tailed T-Test). A comparison of the percent of
double-labeled cells in Ammon's horn versus the dentate gyrus suggests that: (i)

approximately the same percentage (~10%) of BrdU-GFAP-immunoreactive



Figure 16. Over time BrdU-immunoreactive cells express neuronal and glial

antigens in the region of Ammon's homn.

Percentage of BrdU-IR cells in Ammon's horn which were NeuN-IR (solid bar)
and GFAP-immunoreactive (stippled bar) at various survival times following
the administration of BrdU. A comparison of the number of double-labeled cells
at 3 weeks and 24 weeks reveals no significant difference in the percentage of
BrdU-GFAP-IR cells, but a significant decline in the percentage of BrdU-NeulN-

IR cells (p<0.01; two tailed T-test ). Error bars represent mean + S.D.
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cells were detected in both regions while, (ii) a much greater percentage of
BrdU-NeuN-IR cells were detected in the dentate (3 wks~58.6%, 24 wks~20.2%)
versus Ammon's hom (3 wks~24%, 24 wks~4.6%) (Figures 13 and 16).

The majority of BrdU-GFAP and BrdU-S5-100-IR cells were located in
stratum radiatum and stratum lacunosum moleculare (Figure 17). Although
double-labeled glial cells were also detected in stratum oriens, no such cells
were observed at any time in the pyramidal cell layer. The morphology of the
BrdU-GFAP-IR cells once again resembled that of mature astrocytes, exhibiting
characteristic stellate processes extending from the BrdU- IR nucleus (Figure 17
B-D).

Unlike newly-generated glial cells, the majority of the BrdU-NeuN-IR cells
were located in close approximation, or directly within the pyramidal cell layer
(Figure 18). Owing to the larger area of the CA1 region as compared to CA2-3, a
slightly greater number of BrdU-NeuN-IR cells were found in the region of CA1
{(data not shown). As previously described, the BrdU-IR nuclei of NeuN-IR cells
in Ammon's horn were generally larger and exhibited a "mottled” appearance in
comparison to those which did not exhibit NeuN-immunoreactivity, however,
this was not always the case (Figure 18 D and F). Owing to the close
approximation of NeuN-IR cells in the pyramidal cell layer, a second neuronal
label was employed. Only a single example of a BrdU-Calbindin-IR cell was
found in the CA1 pyramidal cell layer following the examination of two animals

at each of the 5 survival times (Figure 19).



Figure 17. Examples of BrdU-5-100- and BrdU-GFAP-immunoreactive cells in

Ammon's horn.

(A) Photomicrograph of a BrdU-5-100-IR cell (processed at 6 weeks) in stratum

radiatum of CAl.
(B-D) A series of photomicrographs (processed at 6 weeks) showing a BrdU-IR
nucleus (B) in the same field and plane of focus with a GFAP-IR cell (C) which

are blended to produce a BrdU-GFAP-IR cell (D) in stratum lacunosum
moleculare of CAl. Scale bar in A = 10 um; bar in D = 10pm and applies to

frames B through D.






Figure 18. Examples of BrdU-NeuN-immunoreactive cells in Ammon's horn.

Three series of photomicrographs (A-C, D-F, and G-I) (processed at 6 weeks)
showing BrdU-IR nuclei (A, D, G) in the same field and plane of focus with
NeuN-IR cells (B, E, H). These are combined to produce BrdU-NeuN-IR cells in

stratum pyramidal (C) and stratum oriens (F) of CA1, and stratum pyramidal (I)

of CA3. Scale bar in I = 20 um, and applies to all frames.
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Figure 19. A n example of a BrdU-Calbindin-immunoreactive cell in the CA1

pyramidal cell layer of Ammon's homn.

A photomicrograph (processed at 6 weeks) of two Calbindin-IR cells (red), with
only one displaying a BrdU-IR (arrow) nucleus in the CA1 pyramidal cell layer

of Ammon’s horn. Note the presence of basal dendrites in both cells. Scale bar

=20 um.
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40 DISCUSSION

The results of this study indicate for the first time, that the generation of
new neurons and glia in the adult mammalian hippocampus is not limited to the
region of the dentate gyrus, but rather extends into Ammon’'s horn.
Identification of these newly-generated cells was made possible by employing a
novel BrdU-labeling protocol. This protocol attempted to account for cytokinetic
changes such as increased cell cycle times and decreased growth fractions which
occur in the central nervous system as an animal ages. The distribution of the
newly-generated neural cells is suggestive of an interneuronal population, whose
presence may serve to modulate synaptic efficacy within the hippocampus

without disturbing the circuitry of the system.

4.1 A novel picture of mitotically-active cells in the adult hippocampus.

At the onset of this investigation it was hypothesized that a novel picture
of mitotic activity in the adult central nervous system could be achieved by
accounting for increased cell cycle times and decreased growth fractions.
Accordingly, adult mice were administered BrdU at concentrations of 1.8, 9.0,
and 18.0 mg/mL every two hours for periods of 12, 24, 48, and 72 hours.
Essentially these protocols differed from those previously reported in so much
as the window of nucleotide delivery was protracted from a period of hours to a

period of days, while still ensuring that the time between injections remained
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less than the population’s reported S-phase. Figures 6 and 7 illustrate that the
results of these protocols were two fold. First, in regions where proliferating
cells have previously been reported in the adult (i.e. dentate gyrus), a greater
number of BrdU-IR cells were detected. Cameron et al. (1993) reported that in a
40 pm coronal section through the dentate gyrus of an adult mouse, the
maximum number of [*H]-thymidine-labeled cells was 7. In coronal sections (14
um) through the same region employing an extended labeling protocol, a
maximum of 26 BrdU-IR (Figure 12) and [*H]-thymidine-labeled (Figure 8) cells
were detected. Second, BrdU- (Figure 6) and [°H]-thymidine- (Figure 11) IR cells
were detected in regions of the hippocampus (i.e. Ammon’s horn) not
previously reported. number. These results suggest that a greater amount of
nucleotide was made available to the proliferating cells for a longer period of
time. This facilitated the novel detection of putative slow cycling cells which
may have been overlooked in previous investigations due to the sub-threshold
levels of the nucleotide being incorporated.

The possibility does exist that the increased number of BrdU-IR cells
(discussed below) observed in regions of the hippocampus where proliferation
has been previously described (i.e. dentate gyrus) could be related to stressing
the animals. Morshead and van der Kooy (1992) reported that animals which
were stressed by administering anesthetic 24 hours before labeling, displayed
more [*H]-thymidine-labeled subependymal cells than controls. Although they
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noted that the increase in [*H]-thymidine-labeled cells was transient and did not
translate into an increase in Nissl stained cells, they could not discount the

immediate effects stressing the animal had on [*H]-thymidine-labeled cell

In the BrdU incorporation study, two protocols (1.8 mg/mL over 72 hours;
9.0 mg/mL over 48 hours) resulted in the detection of an equivalent number of
cells (97+ 9 and 96 + 8 respectively) (Figure 7). Although either protocol could
have been used to investigate the identity of the BrdU-IR cells, the latter method
was selected for two principle reasons. First, as higher concentrations of BrdU
were employed to detect the proliferating cells, a leveling off in cell number was
apparent at earlier time points (Figure 7). This leveling off could possibly be
attributed to: (a) the cytotoxic effect of the nucleotide, or (b) the identification of
more than one population of proliferating cells. If more than one populaiton of
cells was detected, (with one population of being characterized by a longer cell
cycle time) a leveling off in cell number would be apparent (Morshead et al.,
1992). However, a stalling of the cell cycle or inhibition of proliferation, (both
caused by cytotoxicity) could also explain this finding. Because the cytotoxic
effects of continuously administering the nucleotide are more pronounced over
time, (even though we did not assay for them) any detection method which
detects an equivalent number of cells in a shorter time frame would be
preferred. Second, the BrdU-IR cells detected with 1.8 mg/mL were more

difficult to detect. This problem in detection would only become more
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pronounced as survival times increased, and would make the future
identification of double-labeled cells nearly impossible. The difficulty with
detection of the proliferating cells when the lowest concentration of BrdU was
employed is suggestive of why previous investigators failed to detect
mitotically-active cells outside the dentate gyrus. Proliferating cells may have
been missed when either sub-threshold levels of the nucleotide were present
over an extended time course (as in our case), or supra-threshold levels of the
nucleotide were present over an inadequate amount of time (pulse techniques).
In both cases, proliferating cells were unable to incorporate adequate amounts

of the nucleotide during S-phase, so as to rise above the threshold of detection.

4.2 The BrdU incorporation seen after extended labeling periods is likely not
due to polyploidy or DNA repair.

We propose that the administration of 9.0 mg/mL (45 mg/kg B.W.) of
BrdU every two hours for 48 hours resulted in BrdU-IR cells being detected in
greater numbers (Figure 7) and in regions of the hippocampus not previously
reported (Figures 6). However, the possibility exists that these were not
proliferating cells, but rather cells in which the process of polyploidization or

DNA repair was occurring.

Polyploidy is a state of having more than two full sets of homologous

chromosomes, and occurs as a consequence of blocking the normal course of
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mitosis at various levels (Vendrely and Vendrely, 1956; Mazur, 1990; Nagl,
1990). This phenomenon is more typical of plants and invertebrates than
vertebrates, however, the incidence of polyploidy in mammalian cells has been
reported in the liver (Goss, 1967), urinary bladder (Walker, 1959), salivary
glands (Redman and Sreebny, 1970), pancreas (Pictet et al., 1972), duodenum
(Troughton and Trier, 1969), and in megakaryocytes of bone marrow
(Medvedev, 1986).

It is unlikely that polyploidization is responsible for the detection of
BrdU-IR cells in the hippocampus for the following reasons. First, the majority
of the mammalian cell types exhibiting polyploidy are established by the cell
failing to accomplish mitotic telophase (i.e. divide) (Carriere, 1967; Winkelmann
et al., 1987). This failure results in two pairs of sister chromatids remaining
within one cell, and upon reformation of the nuclear membrane, the formation
of binucleate cells. Although the occurrence of two BrdU-IR nuclei in close
approximation (a possible binucleate cell) was noted in this study, the vast
majority of the labeled nuclei were not in close approximation, discounting the
premise that the cells are polyploidy (Figure 6). Second, due to the increased
DNA content of polyploid cells, the nuclei of such cells are usually greater in
diameter than proliferating cells (Cogeshall et al. , 1970; Lasek and Dower, 1971;
Brodsky and Uryvaeva, 1977). The BrdU-IR cells examined at day zero all

appear to be approximately 5 um in diameter (Figure 6). Third, previous studies

examining the occurrence of mitotically-active cells in the adult hippocampus



74

using both [3H]-thymidine and BrdU have failed to detect such cells outside the
dentate gyrus. If polyploidization was occurring, at least one investigation in
the past 35 years should have noted the occurrence of mitotically-active cells.
Finally, to date only one example of a mature CNS cell containing more than
two sets of the haploid genome has been demonstrated. Lapham et al. (1971)
reported the unusual occurrence of an intermediate amount of DNA (between 2
and 4 haploid units) in the Purkinje neuron of the rat cerebellum. This
uncommon phenomenon was thought due to the partial replication of the
genome at some stage of development, and has not been reported to occur in
any other CNS cell type.

Because we have not completed an investigation into the occurrence of
polyploidy in the BrdU-IR cells ourselves, we can not completely eliminate the
possibility of its occurrence. However, it seems unlikely given the arguments
listed above that the incorporation of BrdU reported in this study is due to

polyploidization.

In general, DNA damage and subsequerlt repair can occur in either
proliferating (which will be discussed later) or non-proliferating populations of
cells (Barnes et al., 1993). DNA damage in non-proliferating cells can be caused
either by intrinsic factors, or as a consequence of external factors such as
exposure to ultraviolet radiation, metabolizing enzymes, or other toxic

chemicals (Baan, 1987). In the majority of cases response to the damage requires
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nucleotide excision repair, where the defective DNA is cut out and replaced
with undamaged nucleotides through DNA synthesis and ligation (Naegeli,
1995). If the repair process occurs in the presence of BrdU or [PH]-thymidine
and these nucleotides are incorporated, the non-proliferating cell will appear
mitotically-active (Howard-Flanders, 1973; Hanawalt et al., 1979).

In such cases, you would expect to see the scattered appearance of BrdU-
IR loci within a relatively unlabeled nucleus. This is due not only to the
frequency of repair, but also because only one nucleotide of a possible four
which can be employed in the repair process (in the case of BrdU) will be
detected. In hippocampal sections processed for BrdU-immunocytochemistry
immediately following the completion of the labeling protocol, all of the nuclei
exhibiting BrdU-immunoreactivity did so in an "all or none" fashion (Figure 6).
That is to say, the entire nucleus was either bright with the fluorescently tagged
marker or no nucleotide was detected, the scattered labeling pattern indicative
of DNA repair was not observed. At survival times of 3 weeks cells with
mottled BrdU-IR nuclei were observed, suggesting that cell division rather than
DNA repair had taken place, diluting the level of incorporated nucleotide. If
DNA damage existed to the extent that the entire nucleus was BrdU-IR we
would expect that, rather than attempt to repair the damage and risk

mutagenesis, the cell would undergo apoptosis.
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4.3 A comparison with lower concentrations of H]-thymidine suggests that
the BrdU-labeling protocol does not produce any discernable cytotoxic effects.
Having addressed the possibility that BrdU-incorporation was due to a
non-proliferative event, it is important to establish that the incorporation of
nucleotide into the proliferating cells did not cause a cytotoxic effect. The
exposure of tissue cultures to high concentrations of [*H]-thymidine and/or
BrdU has been shown to cause a gradient of cytotoxic effects. These effects are
progressively manifested through: (i) the slowing or stalling of the cell cycle
(usually in S-phase), (ii) inhibition of proliferation, (iii) early or inappropriate
differentiation, (iv) irreversible chromosomal damage, and finally (v) cell death
via apoptosis (Cleaver, 1967; Sawicki and Dorn, 1973; Kufe et al., 1980; Maurer,
1981; Trent et al., 1986; Miller and Nowakowski, 1988). Numerous
investigators have worked to determine the acceptable levels of exogenous
nucleotides in culture (reviewed in Feinendegen, 1967). However, it is difficult
(if not impossible) to relate in vitro data to investigations performed in vivo.
Therefore, to demonstrate that the BrdU injection protocol did not cause a toxic
effect we compared the number and distribution of BrdU-IR cells with a

separate group of animals which received 0.10 mL i.p. injections of 10 mg/kg
B.W. [PH]-thymidine (8.33uCi/injection; specific activity = 6.7 Ci/mmol).
Previous investigations (reviewed in section 2.1.2) have indicated that this

concentration and specific activity does not produce discernible toxic effects.



Comparison of the number (Figure 7) and distribution of BrdU versus
[PH]-thymidine-labeled cells suggests that the BrdU-labeling protocol does not
produce a stalling or inhibition of the cell cycle in proliferating cells. Evidence
of such an event would be manifested through: (a) a disparity in the overall
distribution of BrdU versus [°H]-thymidine-labeled cells, (b) an absence of
BrdU-labeled mitotic doublets, or (¢) an absence of BrdU-labeled mitotic
doublets in regions containing [*H]-thymidine-labeled mitotic doublets, and (d)
greater numbers of [*H]-thymidine versus BrdU-labeled cells in at least one
region of the hippocampus. [*H]-thymidine consistently detected significantly
fewer cells in all regions of the hippocampus (Figure 8). However, in every
region where BrdU-IR cells or mitotic doublets were detected, [*H]-thymidine-
labeled cells and mitotic doublets were also observed (Figures 9, 10, 11). This
can’t be attributed to the relative sensitivities of the respective nucleotides, nor
to differences in their permeablities through the blood brain barrier (the choroid
plexus), since it has been established that both nucleotides are virtually identical
in both regards (Packard et al,, 1973; Raza et al., 1985; Nowakowski et al., 1989;
Morris, 1991). However, it is possible that the reduced number of [PH}-
thymidine-labeled cells could be due to the fact that a lower amount of the
nucleotide was employed as compared to that of BrdU. To test this hypothesis,
a second set of animals injected with a higher dose of [°H}-thymidine (closer to
that of BrdU) could have been used. Then, by following the three groups of
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animals (BrdU, [*H}-thymide low concentration, [’H}-thymidine higher
concentration) over 3, 6, 9, 12, and 24 weeks, a more distinct picture of
differentiation, proliferation, and cytotoxicity could be achieved.

The results presented in Figure 7 also suggest that the BrdU-labeling
protocol did not produce a toxic effect, in so much as altering the proliferative
capacity of the labeled cells. Recall that as increasing concentrations of BrdU
were used, a plateau in the number of labeled cells became noticeable. In each
case an almost linear increase in the number of labeled cells preceded the
plateau, indicating the approximate point at which toxicity of the nucleotide
caused an inhibition in proliferation. At 48 hours the number of labeled cells
using 9.0 mg/mL still represents a linear increase, suggesting that stalling or

inhibition of the cell cycle has not occured.

44 Evidence for newly-generated neurons and glia throughout the
hippocampus.

To determine the number, distribution, and fate of the BrdU-IR cells
following the administration of the nucleotide, three animals were perfused at
survival times of 3, 6, 9, 12, and 24 weeks. Quantitative analysis of the BrdU-IR
cells revealed a significant decline in the number of cells detected between day
zero and 24 weeks (Figure 12). This decline occurred both in Ammon’s horn
and the dentate gyrus, and can be attributed to three possible mechanisms; cell
death, proliferation, and migration. Although each possibility has the potential
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to account for the decline, the most plausible explanation is that combination of
the three is occurring. Previous studies have illustrated the proliferation of PHJ-
thymidine-labeled precursors in the dentate gyrus, followed by their migration
and differentiation into neurons and glia supporting the possibility that such a
combination of processes is occurring here (Gueneau et al., 1982; Kaplan and
Bell, 1984; Stanfield and Trice, 1988; Cameron et al., 1993) However, if all the of
BrdU-IR cells detected at day zero (estimated at 14,400) proceed ed to divide and
give rise to new neurons and glia, one would expect a significant increase in the
size and density of the hippocampus in the mouse over time. Especially since
multiple divisions would be necessary in numerous cases so as to dilute the
level of incorporated nucleotide to sub-threshold levels. Since no such increase
is apparent, the fate of the majority of the BrdU-IR cells must be death.
However, as illustrated by the consistent number of BrdU-IR cells detected
between 3 and 24 weeks, not all the proliferating cells undergo cell death (Figure

12).

Double-label immunocytochemistry performed on the BrdU-IR cells in the
dentate demonstrated the presence of mature neural antigens at 3 weeks (Figure
13). The majority of the BrdU-IR cells differentiated into committed neurons
(NeuN, Calbindin; Figure 15), while a smaller portion presented glial antigens
(5-100, GFAP; Figure 14). The time course of antigen presentation was similar

to previously reported works, as was the proportion of neurons as compared to
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glia. Cameron et al. (1993) demonstrated that (in the rat) immediately following
the labeling of dividing cells, positive immunoreactivity for mature neurons
(NSE) or glia (GFAP) was absent. However, at three weeks the majority
(approx. 70%) of labeled cells were NSE immunoreactive, while approximately
10% were GFAP-immunoreactive. In both studies, the distribution of GFAP-
labeled cells occurred primarily outside the granule cell layer, while the majority
of newly-generated neurons were located within the granule cell layer. Because
of this phenomena, two neuronal markers were employed in this study. NeuN,
which recognizes a neuronal specific nuclear protein, and Calbindin, which
recognizes a neuron-specific calcium binding protein typically found in dentate
gyrus granule cells (Sloviter, 1989; Celio, 1990). Both identified BrdU-labeled
cells of similar morphology and distribution.

The generation of new neurons and glia in the region of the dentate gyrus
have been reported previously and investigated in greater detail than in the
present study. Therefore, the discussion concerning the location, morphology,
and other attributes concerning the generation of new cell types in the adult will

be limited to the region of Ammon’s horn.

The results presented in this study suggest that new neurons and glia are
being generated in the region of Ammon’s horn of the adult mouse, a finding
not previously reported. A comparison of the number of BrdU-GFAP-IR cells in
the region as a function of survival time (Figure 16) reveals that: (i) GFAP
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immunoreactivity is initially detected at three weeks, and (ii) the percentage of
BrdU-GFAP-immunoreactive cells does not change significantly between 3 and
24 weeks. This suggests that BrdU-GFAP-IR cells do not undergo proliferation
or cell death to a significant degree, but rather differentiate into functional post-
mitotic astrocytes, as evidenced by their characteristic GFAP-immunoreactivity,
and bright BrdU fluorescence. These observations seem to indicate that a slow
but steady rate of glial cell turnover is occuring in Ammon’s homn.

In contrast to the pattern previously described, the percentage of BrdU-
NeuN-IR cells declined significantly between their first occurrence (3 weeks)
and the latest time point examined (24 weeks) (Figure 16). This decline in cell
number can be interpreted in three ways. The first and simplest explanation is
that at some point after the BrdU-IR cells divided and differentiated into BrdU-
NeuN-IR cells they underwent cell death and were removed. The second and
third explanations are related to the neuronal marker NeuN. The expression of
the antigen which is recognized by NeuN has been demonstrated to appear as
early as E 9.5 in the neural tube of the mouse (Mullen et al., 1992). The time of
appearance and position of the NeuN-IR cells coincides closely with the first-
born neurons of the mouse neural tube (Nornes and Carry, 1978; McConnell,
1981). However, it is likely that a portion of the labeled cells in the neural tube
are still capable of proliferation. Therefore, putative proliferation of the BrdU-
NeuN-IR cells detected at three weeks could cause the dilution of the

incorporated nucleotide, and result in a decline in the number of double-labeled
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cells being detected. So, it is possible that those cells initially detected at three
weeks could proliferate, diluting the nucleotide and subsequently: (a) undergo
cell death, or (b) remain as fully functional neurons whose BrdU-
immunoreactivity has fallen below detectable levels.

While it is likely that a combination of the three processes described above
are occuring, it is impossible to determine which process specific populations of
cells are undergoing. Noteably, three lines of evidence suggest that a portion of
the BrdU-NeulN-IR cells remain in the region of Ammon’s horn. First, the
observation that the majority of the BrdU-NeuN-IR cells displayed a “mottled”
appearance suggests that cell division has occurred. Second, the occurance of
BrdU-NeuN-IR cells at every time point after their initial detection and third, the
demonstration of a BrdU-Calbindin-IR cell indicates that post-mitotic neurons
persist in Ammon'’s horn for an extended period of time.

The observation that the majority of the newly-generated neurons are
locatéd in stratum radiatum and in close approximation or directly within the
pyramidal cell layer of Ammon’s horn suggest that we are dealing with the
generation of interneurons. The occurance of Calbindin-IR interneurons have
previously been described in stratum radiatum and the region of the pyramidal
cell layer boarding stratum radiatum (Sloviter, 1989). This suggests the
possibility that the BrdU-Calbindin-IR cell observed in this study is an
interneuron (Figure 19). Functionally, the addition of interneurons to the

existing circuitry of the hippocampus makes sense. Rather than disturb
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established projection pathways, modulation or alteration of input could be
accomplished through the addition or replacement of local interneurons. This
scenario has been demonstrated to occur in the dentate gyrus and olfactory bulb
of the adult mouse (reviewed in Altman and Bayer, 1993 and Rousselot ef al.,
1995). In both cases, the generation of locally projecting granular neurons (or
interneurons) continues throughout the life of the animal. In the case of the
dentate gyrus, neurogenesis is regulated in part by adrenal steroids, excitatory
input, and NMDA receptor activation (Gould ef al. , 1990; Gould et al. , 1992;
Gould and McEwen, 1993; Cameron and Gould, 1994; Cameron et al.,, 1995).
This arrangement allows for the maintenance of appropriate hippocampal
function, while providing a means through which synaptic efficacy can be
modulated. An alternative explanation of the single BrdU-Calbindin-IR cell is
that “one equals none”. That is, the occurance of the BrdU-Calbindin-IR cell is
not real. To test for this hypothesis, one could assay for the presence of
putatative BrdU-IR interneurons by employing an anti-GABA
immunocytochemical label in conjunction with BrdU immunoreactivity, since
the majority of interneurons are GABAergic in Ammon’s horn.

The observation that the majority of newly-generated glia in Ammon’s
horn are localized in stratum radiatum and stratum lacunosum moleculare is
also consistent with this model of altering synaptic efficacy. The Hebbian model
of alter synaptic efficacy states that “When an axon of cell A...excite[s] cell B and

repeatedly persistently takes part in firing it, some growth process or metabolic
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change takes place in one or both cells so that A’s efficiency as one of the cells
firing B is increased.” (Hebb, 1949). In Ammon’s horn, the most attractive
region to alter synaptic efficacy with minimal disturbance would seem to be in
the dendritic fields of the pyramidal neurons (i.e. stratum radiatum and stratum
lacunosum moleculare). This modulation could be accomplished through the
addition of astrocytes or neurons, both of which have been reported in this

study.

Throughout the investigation a population of BrdU-IR cells, did not

exhibit either neuronal or glial antigens (data not shown). The majority of these
BrdU-IR cells are small (approx. 5 um) and are characterized by a full, bright

pattern of fluorescence, indicating that they have not diluted the level of
incorporated nucleotide. Their preferential location in the subgranular zone of
the dentate gyrus is suggestive of a putative progenitor population as described
in Kuhn et al. (1996). However, their small size and bright pattern of
fluorescence could also be indicative of microglia or macrophages which have

been described throughout the CNS (Perry et al. , 1985; Leong and Ling, 1992).

SUMMARY AND FUTURE DIRECTIONS
Through the development of a novel labeling protocol we have
demonstrated the widespread generation of new neurons and glia in the

hippocampus of the adult mouse. We further demonstrated for the first time,
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that neuro- and gliogenesis is not restricted to the region of the dentate gyrus, as
previously thought, but occurs in Ammon’s horn. The distribution of new
neurons and glia is consistent with locations of modified synaptic efficacy in the
hippocampus, suggesting a possible role for the newly-generated cells in the
processing of new information. Several questions still remain unanswered. For
example, what percentage of newly-generated neurons and glia undergo cell
death? What is the significance and/or functional consequence of a population
of cells in the hippocampus turning over? Are there progenitor or stem cells in
the region of the hippocampus which give rise to these new cells? What factors
control the processes of neuro- and gliogenesis in the region? Is this phenomena
simply a continuation of the prolonged development of the hippocampus?

Answers to questions such as these may provide a better understanding of
the role of cell turnover in hippocampal function. Understanding what controls
this process may allow for stimulated repair of the hippocampus after injury or
disease.
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