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Previous studies of the adult rat hippocampus have reported 

neurogenesis in the region of the dentate gyrus. In the present work, a novel 

labehg protocol was developed in an attempt to account for the cytokinetic 

dianges in c d  turnover which occur in the central nenrous system as an 

animal ages. Following the admuistration of intraperitoneal injetions of 

bromodeoxyuridine every two hours for a period of 48 hours, mitotically- 

active cells were identifiecl in the dentate g y m  of the adult mouse. However, 

mitotically-active cells were &O obsenred throughout Ammon's hom. 

Studies of the number and distribution of miiotically-active cells, comparing 

the bromodeoxguridine protocol with an identical protocol employing lower 

concentrations of tritiated thymidine, suggest a la& of toxicity in long term 

Iabeling. Imrnunocytochemical analysis of the bromodeoxyuridine- 

immunoreactive cells immediately following the labeling period, showed a 

la& of antigenic expression of known markers for neurons and astrocytes. 

Subsequent analysis of the tells' antigenic properties performed at 3,6, 9, 12, 

and 24 weeks demonstrated the presence of doublelabeled glia and neurons 

throughout the hippocampus. These results demonstrate for the h t  time, 

the generation of new neurons and glia in Ammon's horn of the adult 

hippocampus. The distribution of the newly-generated c& suggests that 

they may partiapate in the modulation of synaptic efficacy. 
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The hippocampal formation is one of the m a t  i n t d y  studied and weJl 

described regions in the mammalian centrai nervous system (CNS). Its 

characteristics have been the focus of numerous investigations since R a d n  y 

Cajal (1911) and his pupil, hrente de NO (1934), perforrned th&. historic Golgi 

studies- Interest in the hippocampus is warranted not only through its 

functional role in 1eaniing and rnemo ry (Alkon et al. ,1991; Squire, 1992; Zola- 

Morgan and Squire? 1993), but also by the unique organizational and 

developmentd 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 capaaty (reviewed in Isaacson 

and Priiram, 1975,1985). 

1.1 Structural oganization 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 l), the smailer one (dentate gynis) 

bordering on the inferior edge of the larger arc (Ammon's hom). The large arc 

of Ammon% honi is composed of a narrow laye (3-5 cells deep) of pyramidal 

cells divided into 4 fields; C M ,  CA2, CA3, and CA4 which extend from the 

subiculum (Sb), towards the dentate gyms (Lorente de NO, 1934; Bladcstad, 



Figure 1. A coronal section of the hippocitmpal region in an addt mouse. 

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

hippocampus corresponds dosely to Plate 42 of the stereotaxic atlas of Sidman 

et al. (i971), at a level about -1.3 bregma. Abbreviatiom: DG, dentate gynis; Gr, 

granule c d  layer of the dentate gynis; h , hilus of the dentate gyrus ( a h  called 

CA4); Inf, infrapyramidal lirnb of the dentate granular layer; Lmol, lacunosum 

moleculare layer of Ammon's hom; Mol, strahim moleculare of the dentate 

gyrus; Or, oriens layer; Py, pyramidal c d  layer; Rad, radia- layer; Sb, 

subidum; Sup, suprapyramidal limb of the dentate grandar layer; 3d, third 

ventride. Figure adapted from Slotnick and Leonard (1975). 





1956; Angevine, 1965). The CA1 region is irnrnediately adjacent to the 

subidum and is composed of tightiy padced medium-sized celis. Followïng 

CA1 (solid Une in Fig. l), a field of larger, les densely packed cells (CA2 and 

CA3) are apparent (reviewed in Schwe~dtfkger, 1984). (Tin Nissl stauied sections 

the CA2 region can not be accurately disthguished fcom CA3, therefore they 

wiil be considered one region (CA.2-3) for the purposes of this study). 

Finally, as the pyramidal c d  layer extends towards the region of the 

dentate gyrus it begins to increase in c d  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 dassified the CA4 region as a part of 

Ammon's hom, however, since the region contains polymorph, fusiform, and 

0 t h  modified pyramidal c d  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 foilowed. It should be noted that the demarcation 

employed in Figure 1 is not absolute, but rather reflects operational boundarïes 

through which c d  comts are realized. 

The smali arc of the dentate g y ~ s  is composed of densely packed (4 10 

cells deep) granule c& which are divided into two limbs or blades (reviewed in 

Cowan et al. , 1980; Bayer, 1985). The dorsal limb, which is closest to the 

hippocarnpd fissure, is called the suprapyramidal (Sup), and the other iimb the 



mhapyramidal (hf) m reference to their relative positions to stratum pyramidal 

of Ammon's hom (kaacson, 1987). 

1.2 Hfppocanrpal ceU types 

The dominant neuronal c d  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 smaU in diameter (-&12pm) in cornparison to 

pyramidal c& (-15-20~) (Bayer, 1985). AU of the cells in the granule c d  

layer are uniformly orientated such that fheir dendrites extend vertically from 

the superficial aspect of the c& towards the molecular layer (Mol) (Anderson, 

1975; Stanfield and Cowan, 1979a; Braitenberg and Schuz, 1983; Amaral and 

Witter, 1989). The pyramidal ce& of Ammon's horn are also uniformly 

orientated such that their apical dendrites extend into stratum radiatum and 

lacunosum moleculare layers, whiie the basal dendrites exit into the oriens layer 

(Lorente de NO, 1934; Bladsstad, 1956; Angevine, 1965,1975; Laurberg, 1979; 

Bannister and Larianan, 1995 a, b). 

Within the concavity of the grande ceIl layer (Le. hilus) are seveal layers 

of polymorphic neurons. Classicdly, these neurons have been characterized as 

basket, chandelierI mossy, GABA~T@c, peptidergic, and modified pyramidal cell 

types based on their typical morphology and neurochemical content (Lorente de 

Nb, 1934; Blackstad, 1956; Angevine, 1965, 1975; Isaacson, 1975; Laurberg, 

1979). However the classifications are by no means exhaustive of the diversity 



of neuronal ceil types found within the region. It is believed that the 

polymorphic region within the dentate is a continuation of stratum oriens of 

Ammon's hom, smce it exhibits ceII types similar to that of stratum oriens. The 

majority of the polyrnorph celb are thought to function as interneurons, both 

within the region of the dentate gyrus and within Ammonfs hom (reviewed in 

Schwerdtfeger, 1984). 

Within the CA1 region of Ammon's hom, three types of intemetuons or 

local &cuit neurons are of devance to this study: basket cells, oriens/alveus 

(O/ A) interneurons, and lamosum-moledare (LM) interneurons. Basket 

tells received their name because of the "basket-like" axonal plexus around the 

c d  bodies of pyramidal cells (Lacaille ef al., 1989). Basket cells are characterized 

by large somas (approxïmately 45 p m  in diameter) and the presence of basal and 

apical dendrites (Lorente de N6,1934). Most of these cells are considemi to be 

GAJ3Aergic inhibitory interneurons, which receive synaptic input from a variety 

of sources (Sdiwartzkroin and Mathers, 1978; Ashwood et al., 1984). O/A 

interneurons are muitipolar cells, 2 0 - 3 0 ~  in diameter, located on the oriens- 

alveus border. The majority of their dendrites run paralIel to the alveus, and 

receive nwnerous sppt ic  contacts (Lacaille et al., 1989). Like the basket cells, 

O/A neurons appear to be GABAergic in nature. L-M intemeurons are located 

within the lacunosum-molecuiare region of CA1, and are characterized by 

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



CA1 and part of the dentate p) (Kunkel et aI, 1988). Their axons also branch 

extensiveiy with processes reaching as fiw as stratum onens. As with basket and 

O/A intenieurom, L-M intemeurons are inhiibitorg in nature. 

The distribution of glia within the hippocampus generaily corresponds to 

the IiilIunar organization and afferent filer orientation in the partidar region 

(Rose et al. , 1976; Gall et al. , 1979; Zimmer and Sunde, 1984; Kosaka and 

Hama, 1986). As a result, in Ammonfs hom each neuropil layer is characterized 

by it's own astroglial cytoarchitecture, wMe in the dentate astrocyte ceIl bodies 

are vertically orientated into the granular layer, correspondhg to the grande 

cells fiber orientations there. 

1.3 Development of the hippocampw 

The principle data conceming the sequence of events in the development 

of the hippocampus were obtained in autoradiographic experiments by 

administering tritiated ([SHI)-thymidine to a senes of pregnant animals or 

directly to their offspring. Thymidine, a specific precursor of diromosomal 

deoxynibonudeic aad @NA), is incorporated into cell nudei during the Sphase 

of the c d  cycle. when new DNA is king fomied (Taylor et d, 1957; Hughes et 

d., 1958; Sidman et al., 1959). When animais are injected with [3H]-thymidine 

only the cells proliferating at the tirne of the injection tend to incorporate the 

admhistered nudeotide and become "tagged". By harvesting the brains of 



groups of animals at different times afkr the adnllnisttation of the radiolabel, a 

tirne-lapse record can be estabiished, mapping the hte of the tagged cells in 

regards to th& sub~eqztent divisions, migrations, and diffemntiatiorts. Sudi 

investigations perfbrmed in the mouse (Angevine, 1965; Atlas and Bond, 1965; 

Caviness, 1973; Stanfield and Cowan, 1979b; Renikov, 1991), rat (Altman and 

Das, 1965; Bayer and Altman, 1974,1975; Schlessinger et al. ,1975; Kaplan and 

Hinds, 1977; Bayer, l980a, 1982; Bayer et al., 1993), rabbit (Femandez, 1969; 

Fernandez and Bravo, 1974; Gueneau et al., 1982), guinea pig (Altman and Das, 

1967), cat (Altman, 1963; Wyss and Sripanidkdchai, 1985), and rhesus monkey 

(Rakic and Nowakowski, 1981; Nowakowski and Rakic, 1981; Rakic, 1985a, b; 

Eckenhoff and Rakic, 1988) reveaied that while the duration of neurogenesis 

was not the same, the overall sequence of hippocampal neurogenesis was 

conserved in a l l  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 regiow of 

Ammon's hom are generated first (E15-E17), followed by the pyramidal newons 

between El7 and El9 (Bayer and Altman, 1974; Hine and Das, 1974; Bayer, 1980 

a, b; Altman and Bayer, 1990 a, b). Neurogenesis in the dentate gym foilows 

the same pattern, with the production of netuons in the moledar and Mar 

regions (E15E19) preceding the production of granular neurons (E17) (Bayer and 

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



Figure 2. Morphogenetic migrations in the development of Ammon's hom. 

Neurogenesis b e g b  on embryonic (E) day 15 with a high level of prolifaative 

acüvity within the hippocampai neuroepithelium (ne). The pyramidal cells 

(those of the CA3 region) dose to the h b r i a  (FI), are generated first (peaking at 

EU), extending the neuroepitheiium towards the subiculum (S U). The 

pyramidal neurons doser to the SU, (those of al), are subsequently generated 

much later (peaking on E18), but settle in strahun pyramidale before the earlier 

generated CA3 cells (see U l m  at plate E20). So, early-generated pyramidal 

cells are destined to settle in the late fomiing CA3 region, while late-generated 

pyramidal ce& are destined to settle in the early-forming CA1 region. Figure 

taken from Altman and Bayer (1990b). 





Figure 3. Morphogenetic migrations in the deveiopment of the dentate gynis. 

Beginning on day E19, proliferating ce& of the secondary dentate matrix 

proceed toward the devdoping dentate gyrus. forming the dentate migration. 

The nrst dentate migration (dgm 1) is the source of the earliest generated grande 

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 extemai dentate limb (DG) 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 postnataily acquired 'late" and Yatestff granule celis that settle in 

the inner core of the granular layer immediately above the subgranular zone. 

The terfiary dentate matrix is prominent between days P3 and P10, after whïch 

its ceils settle into the region of the subganular zone to form a continuous 

proliferative matru Figure taken hom Altman and Bayer (1990~). 





neurogenesis in Ammon's horn and the dentate gyms occurs at about the same 

tirne, p u l a r  neurons of the dentate, having originated at the sarne perîod of 

time continue to be produced well into post-natal life, at a time when the 

generation of other c d  types in the hippocampus is thought to be complete 

(reviewed in Cowan et al. , 1980 and Bayer et al. , 1993). In animals in whîch 

neurogenesis has been studied most (mouse and rat) it is reported that no less 

than 80% of granuiar neurons are produced during the first 3 weeks after birth 

(Angevine, 1963; Bayer and Altman, 1974; Schlessingeret d., 1975; Bayer, 1980a, 

1985; Reznikov, 1991). This post-natal production of grande cells has also been 

obsewed in the rabbit (Gueneau ef al., 1982), cat (Altman, 1963; Wyss and 

Sripanidkulchai, 1985), guùiea pig (Altman and Das, 1967), and rhesus monkey 

(Rakic and Nowakowski, 1981; Rakic, 1985; Eckenhoff and Rakic, 1988). The 

generation of granular newons has further b e n  reported to continue into 

adulthood in the rat (Kaplan and Hu\&, 1977; Bayer, 1982; Gueneau et a l ,  1982; 

Kaplan and Bell, 1984; Bayer, 1985; Crespo et al. ,1986; Tnce and Stanfield, 1986; 

Stanfield and Trice, 1988; Cameron et al., 1993). 

During the embryonic perïod hippocampal development is dependent 

upon the migration of ceIls from the hippocampal neuoepithelium adjacent to 

the lateral ventrides (Figure 2). However, during post-natal life these ventricdar 

germinal matrices becorne "exhausted", leaving the late-developing dentate 

gynis dependent upon secondary extraventridar proliferative zones, namely 

the tertiary dentate matrix and subganular zone (reviewed in Cowan et al., 1980; 



Gueneau et al., 1982; Altman and Bayer, 1990a, 199ûb, 199ûc). These secondary 

prolifkrative zones were estabiished through the migration (Figure 3) of putative 

precursor cells from the dentate neuroepithelium and serve as the source of 

granule œlIs in post-natal animaîs, as well as in mammals in which neurogenesis 

has been demonstrated to continue into adulthood (Angevine, 1963,1964,1965; 

Aitman and Das, 1967; Kaplan and Hinds, 1977; Bayer, 1982; Gueneau et al., 

1982; Kaph and Be& 1984; Boss et al., 1985; Stanfield and Tnce 1988; Cameron 

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

Unfomuiately, data conceming the onset of gliogenesis in the 

hippocampus is lacking. Investigations of the appearance of radial glia and 

astrocytes report thei. initial detection before the omet of neurogenesis (Levitt 

and Rakic, 1980; Woodhams et al. ,1981; Eckenhoff and Rakicf 1984; Rickmann 

et al. ,1987). Furthermore, the resuits of several investigations illustrate that 

extraventridar post-natal cytogenesis within the dentate is not limited to the 

generation of neuronal progeny (Bayer and Altman, 1974; Sdilessinger et al., 

1975; Bayer, 1980a; Bayer, 1985). Using combined immunohistochemical and 

autoradiographic techniquesf Cameron et al. (1993) positively identified newly- 

generated glial cells (astrocytes) in the subgranular zone of both post-natal and 

addt rats. Bayer and Altman (1974) reported that the majority of the post-natally 

derived glial cells (about 80%) arW from the subgranulzu zone. 



In summary, the sequeme of neuro- and gliogenesis is conser~ed in all 

manmals and the post-natal production of new neurons and gIia has been 

iliustrateà in numerous species. However, it has been accepted that only in the 

dentate g y ~ ~  of the rat, does the production of new neurons and glia continue 

throughout the life of the animal. 

1.4 A novel picture of màtofic acfivify 

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 identifjr slow cyding cells in &o. Rationale for 

the experiniental design was adapted from Morshead and van der Kooy (1992), 

who administered intraperitoneal (i-p.) injections of bromodeoxyuRdine (BrdU; 

a thymidine analog) every two hours for a period of 12 hours, to detect the 

entire population of constituitively proWerating ceIls in the adult subventricular 

zone. This work estabiished that the constituitively proliferating cells of the 

subventridar zone had a ceii cyde tirne of approximately 12.7 hous, 4.2 hours 

of whïch were spent in Sphase (Morshead and van der Kooy, 1992). In 

addition, the &tance of another population of c& characterized by s m d  

numbers, extended periods of mitotic quiescence, and cell cycles times in excess 

of 12 hours had been infwed by the works of Nowakowski et ai. (1989), Craig et 

aL (1994), and Morshead et al. (1994). On the basis of these latter studies, Dr. 



Poulin created an entended labeling protocol, adapted fmm Morshead et al. 

(1994), to identify these more slowly proliferating cells in müo. 

Although the occurrence of [3WIiIthymidine andfor BrdU-Iabeled cells in 

the addt mammalian hippocampus had not been reported outside the region of 

the dentate gyms, preliminary data indicated that BrdU-IR cells were not 

restricted to previously characterïzed "zones of pro&ationl', but were instead 

located throughout the p a r e n c h . .  After a more detaüed examination of the 

distribution of the labeled cells, it became apparent that the picture of mitotic 

activity we were obsening within the hippocampus was difkrent from what had 

previously been reported. That is, putative mitotically-active cells were 

identified in regions where prohtion was thought to be absent. 

In an effort to ascertain why we were obseming a di€ferent picture of 

rnitotic activity in the region of the hippocampus, a review of the literatue 

describing the "classic" picture of activïty was underfaken. The majority of early 

expefiments assaying mitoticaily-active cells in post-natal animals employed a 

singe @p.) injection of PHI-thymidine given at varyuig concentrations (Altman, 

1963; Altman and Das, 1965, 1966a; Altman, 1966). More recent studies 

performed in adult anirnals 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 pidure of 



mitotic activity at comparable developmental stages. if both methods reveaied 

comparable pidures of mitotic activity in the mammalian hippocampus, why 

were we seeing a different one? The answer, 1 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 cyciing cells. 

1.5 Cytokinetic differences in the embnpnic versus adult CNS 

As an animal matures, the proportion of ceiis that comprise the 

proIiferating population (Le. growth fraction) deaeases from a levd of 100% in 

the embryo, to approximately 0.4% in an addt animal (reviewed in Korr, 1980; 

Schultze and Korr, 1981). Accompanyhg this dedine is a significant inaease in 

the average ceil cyde the of prolifixating cells in the popdation. During 

embryogenesis, the average cell cyde time is about 8 ho-, however in the 

adult these times more than double to a period of approximately 20 hours (Atlas 

and Bond, 1965; Waechter and Jaensdi, 1972; Lewis, 1978). So as an animal 

approaches adulthood its cellular environment, which was once characterized 

almost exdusively of rapidy 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 dationship between embryonic and 

mature cellular environmenits is iiiustrated in Figure 4. 

Considering the cytokinetic differences of the adult versus embryonic 

mammalian CNS, it stands to reason that standard single pulse methods (or 



Figure 4. A cornparison of embryonic versus addt cytokinetic conditions. 

Shortiy after the formation of the neural tube (Ell-12), the average c d  cyde time 

in the rodent is about 8 hours, 5 hours of which are spent in Sphase. As the 

animal ages c d  cycle h e s  increase, unül in the mature animal the average c d  

cyde t h e  is 18-20 hours, with a 7-10 hour Sphase. Accompanying this 

lengthening of the c d  cyde is a decrease in the growth fraction in early murine 

development (<E14), the growth fraction of the cells in the vennicuiar zone of the 

neural tube is 1.0, but soon after, it begins to dedine sharply üil reaching 

approximately 0.19 during juvde  life (reviewed in Korr, 1980). 
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variations thereof) would reveal a much difkrent pictue of mitotic activity than 

protocols which attempt to account for these differences- 

1.6 Statement of H-othesis 

A novel picture of mitotic activity within the adult manundian 

hippocampus can be achïeved by accounting for increased ceU cycle ümes and 

deaeased p w t h  fractions in cornparison ta early deveiopment 

(i) Develop a labeiing pmtocol that accounts for inaeased cell cyde times 

and decreased gmwth fractions in the addt central nemous system. 

Preliminary redts  demonstrated that the picture of mitotic activity we 

were observing was different from those that had previously been reported. 

This difference was attnbuted to the administration of the nudeotide (BrdU) 

every two ho- 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 tirne. The purpose of 

this experiment (here after called the BrdU incorporation study) was to 

manipulate the concentration of BrdU, an-i/or the window of deiïvery of the 

nudeotide in a limited number of protocois so as to explore their relative effects 



on the detection of prolifimting ce&. At the completion of this m e y ,  a single 

protocol was seleded 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- 

tii) Establish that the chosen pmtocol 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. 

1t has been demonstrated that when high levels of nucleotides such as BrdU are 

incorporated into proliferating cells, cytotoxic effects such as an inhiion in the 

c d  cycle may result (reviewed below). To assay for any potential toxic effects, a 

second set of animals were admuistered the same frequency of injections using 

[3H]-thymidine. It is important to employ a dose of Pa-thymidine which has 

previously been demonstrated not to produce any detectable toxic effects. 

Following the completion of the [SHI-thymidine and BrdU injection protocois, a 

cornparison of the number and diskiiution of labeled cells using each method 

should eluadate any cytotoxic changes. 



(iü) Establish the fate of the BrdU kibeled c d s  at various pedods following 

the incorporation of the nudeotide. 

The p2rpose of this experiment was to investigate what happens to the 

BrdU-IR œlls over time as a funcüon of number, distriiution and fate. This was 

accomplished by perfusing the animals immediately following the comp1etion of 

the BrdU injection protocol, and at surviva.1 ümes of 3,6,9, U, and 24 weeks. By 

employing double-label immunocytochemistry using known markers for 

neurons (NeuN, Cabindi.) and a~aocytes (GFAP, 5100) at these time points we 

can establish whïch phenotypes are produced and their temporal appearance in 

the hippocampus. 



Adult male CD4 mice (29-33 grams) were obtained from Charles River 

and kept on a standard laboratory diet wîth fkee access to water and food. 

Following the injection of either BrdU or Pq-thymidine (see below), animals 

were deeply anesthetized with sodium pentobarbital (intraperitoneal injection 

of Nembutd, 0.1 mL) and perfused transcardidy first with 0.9% saline (NaCi) 

followed by a fixative solution (4.0% paraformaldehyde in 0.1 M phosphate 

buffer, pH 7.4). The brain was removed from the skuii and postfixed overnight 

at 4°C in the same nuatve solution. Following post fixation, brains were 

ayoproteded in 10% then 20% suaose (in 0.1M phosphate buffered saline) 

ovemight at 4OC, foilowed by a solution of 20% suaose (in 0.1M PBS) with 

Tissue-Tek OCT embedding compound at a ratio of 21 ovemight B r d  were 

ernbedded in OCT and frontal sections were cut with a MICROM cryostat. AU 

sections were cut at 1 4 p  except for those in the BrdU incorporation shidy, 

which were cut at 3 0 p .  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. 



2.1.1 BrdU incorporation study labeling protucol 

The region of the dentate g y m  was arbitrarily chosen as a representative 

structure through which to examine the effects of various labelhg protocols. 

Animals were admlliistered (i.p.) injections every two hours with 0.15 mL of 

BrdU (Sigma, dissolved in 0.007N NaOH in 0.9% NaCi) at concentrations of 1.8, 

9.0, and 18.0 mg/mL for a period of 12,24,4û, and 72 hours (see Figure 5). The 

12,24, and 48 hour labeling protocols were preceded with the adminbtration of 

physiological saline, in order to assure that dl anirnals received an equal 

number of injections. Control mice received 0.15 mL injections of physiological 

saline for the duration of the injection protocol. In a l l  cases, 30 minutes after the 

last injection was administered, the animals were p e r h d  and their brains 

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

2.1.2 BrdU-P HI-thymidine toxicty study lnbeling 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 m 0.9% NaCI; 45 mg/kg body weight) or 

0.10 rnL of [3H]-thymidine ( 6.7 Ci/mmol; 8.33 pCi/injection; ICN Biomedical; 

10 mg/kg B.W.) every two hours for 48 hows. 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 [SHI-thymidine (240 mg/kg B.W.). AU control mice 



Figure 5. A schematic representation of BrdU injection protocols. 

AU animals were administered one injection (i-p.) every two hours for a period 

of 72 hours. Bold hes  indicate the time course of BrdU injections, while thin 

lines indicate the time course of saiïne injections. The 12,24, and 48 hour BrdU 

injection protocols were p receded with the administration of physiologicai 

saline to assure that al l  animals received an equal number of injections. Three 

concentrations of BrdU (1.8,9.0, and 18.0 mg/mL) were ernployed for each time 

perïod (i.e. 24 hours), with four animals (n = 4) in each condition. 





received 24 injections of 0.15 mL physiologid saline. 30 minutes folloWmg the 

last injection, ail animals were sacrificeci and theh braiw removed, sectioned, 

and processed for either BrdU immunocytochemistry or [3HJ-thymidine 

autoradiography. The BrdU-pH]-thymidine pardel labelhg experiment was 

performed on three separate occasions, with each trial employing three animals 

in either condition. 

Rationale for the rw-thymidine labeling protocol used in this study came 

from Lois and Alvarez-Buyila (1993), who labeled dividing cells with the same 

protocol, except only for 12 hours. h their study Lois and Alvarez-BuyUa (1993) 

demonstrated that the cells which were labeled in oioo, differentiated dïredy 

into neurons and glia in mMfro. In further studies, Lois and Alvarez-Buyla (1994) 

uijected 10 nanoliters of rHl-thymidine (1 mCi/mL; specific activity = 6.7 

Ci/mmol) directly into the lateral ventricles of an adult mouse assaying for the 

same celis. The labeled cells migratecl fzom the ventricles towards the ohctory 

bulb at a rate of 30 p per hour (simila to that reported for tangentially 

migrating young neurons during development (O'Rourke et al., 1992; Fishell et 

al., 1993)), proliferating enroute and differentiating into nemons upon readiing 

theh destination. This investigation further suggests that the incorporation of 

an even higher dose of the nudeotide, failed to produce an inhibition in 

proliferation or other cytotoxic effect (Spector, 1980; Spector and Berhger, 

1982). Olsson (1976) demonstrated that a single i.p. injection of [f Hl-thymidine 

(1.0 pCi/g B.W.; specific activity 5.0 Ci/mmol) into an adult mouse would 



induce only a temporary inhiiition in the ceII cyde of proliferatùig epidermal 

cells. 

In comparison to the above cited works, the dose of rHl-thymidine 

empIoyed in the BrdU-[3H]-thymidine toxicity study has: (a) a lower 

concentration (025pCï/g B.W. versus l.OpCi/g B.W.) than that needed to induce 

even a temporary inhibition in the cyde of cells outside the blood brain barcier, 

(b) a lower concentration (83.3 pCi/mL versus 1.0 mCi/mL) than Lois and 

Alvarez-Buylla (1994), who injected [3H]-thymidine directly into the lateral 

ventrides and observed no apparent cytotoxic effects, and (c) an identical 

concentration and spedic activity to that of Lois et al. (1993). The studies cited 

above indicate that the rq-thymidine labeling protocol employed in this work 

does not cause cytotoxic stress on the labeled cells. 

2-13 Fate of BrdLI-inimun~eclciirte ce& owr tim. 

Eighteen mice were administered injections of BrdU (45 mg/kg B.W. per 

injection) every two hom 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 

th& brains removed at survival times of 3,6,9,12, and 24 weeks (n=3 for each). 

After sectionhg each brain (14pm), double label immunocytochemistry was 

performed on BrdU-immunoreactive (BrdU-IR) cells using known markers for 



newons WeuN and Calbindin) and astrocytes (GFAP). Previous studies have 

shown that in the baùi: (i) NeuN recognizes a neuronal specific nudear protein 

(Mullen et al., 1992), (ii) GFAP is expressed exdusiveIy by glia (Kalman and 

Hajos, 1989; Hajos and Kahan, 1989), (ïii) Slûû is &O exclusively expressed in 

astrocytes (Matus and Mughal, 1975; Ghandour et al., 1981a), and (iv) Calbindm 

Mû-k is present in all dentate granule celIs, and some, but not dl, CA1 and CA2 

pyramidal c& (SIoviter, 1989; Celio, 1990). 

2 1 1  BrdLl immunocytochemisfry 

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 LON 

HCI for 30 minutes at 60°C to denature the DNA, then rïnsed in washing 

solution (3 X 15 minutes), and incubated ovemight at room temperature in a 

primary rat monodonal antiiody (1:50) directed against single-stranded D N A  

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:lOO 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 mtibody from the labeling 



protoc01. Each negative control was procesed alongside a positive control for 

validity. 

22.2 Double labeling immunocytochemistry 

Sections processed were rinsed in washing solution (0.1 M PBS containhg 

0.02% sodium &de) for 20 minutes before any immunocytochemistry was 

perfonned. The sections were then incubated overnight at room temperature 

(RT) in a solution containhg mouse monodonal antibodies to either GFAP 

(Boehringer Mannheim, 1:2ûû), SI00 (Sigma, 1:500), or NeuN (gift from Dr. R 

Mullen, 1:50) al l  diluted in 0.M PBÇ + 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:lOO in washing solution) 

for 1 hou (RT). Sections processed for Calbindin immunoreactivity were 

incubated for 3 days at 4OC in a solution containing rabbit polydonal antisera to 

Calbuidin D28K (gift fkom Dr. K. Baimbridge, 1:500) diluted in 0.1M PBS + 0.3% 

triton + 20% normal goat senun + 1.0 mMol EDTA + 20 UNts/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 f h t  label, the sections were rinsed again in 

waçhing solution (3 X 15 minutes), then incubated in 1.ON HC1 for 30 minutes at 



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 mondonai antibody (150) dlleded against single- 

stranded DNA containhg BrdU (Seralab). F M y ,  the sections were rinsed in 

washing solution (3 X 15 minutes), and hcubated for 1 hotu in anti-rat IgG FTTC 

(Jackson, diIuted 1:lûû 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 vaiidity. In the case 

of calbindin immunoreactivity, two sources of anti-calbindin were employed 

(Calbindin IT28k; gift from Dr. K. Bahbridge and Anti-Calbindin-D; Sigma). In 

both cases, an identical pattern of labelùig was obsenred. 

2.3 Autoradiography 

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

(diluted 1:l in ddH20) ernulsion and exposed for 14 days at 4OC. Slides were 

then developed in Dektol (Kodak), rînsed in ddH20, fixed in Ektafio (Kodak), 

rinsed again, stained for Nissl using Cresyl Violet and coverslipped under 

Pemount. Control sections were processed as descllied above. 



2.4 Ce11 counts raid q u ~ c a f r 0 m  

AU &des were coded prior to miaoscopic ilhalysis and the code w not 

broken until the ahalysis was complete. Three sections were examineci at each 

rosiral(-1.3), mid (-24, and caudal (-2.9) coordinate as measured £rom bregma 

(Sidman et d., 197l), to assure consistency in counts between animals. At each 

coordinate, ail the regions of Ammon's hom and both blades of the dentate 

gyrus were visible. Demarcation of the boundaries employed to distinguish 

CA1, CM-3 and dentate gyrus regions of the hippocampus are illustrated by 

solid h e s  in Figure 1. The counting area of the dentate gyrus was m e r  

distinguished by the hippocampal fissure and hippocampal sulcus, as was 

Ammon's hom by the l a t d  ventricles. C d  counts for the number of BrdU-IR 

cells in each study were conected 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 exhiited 

an autofluorescent signai, or had an uncharacteristic morphology were not 

counted. 

2.5 Image Analpis 

Photomicrographs were created by first capturing the image using Kodak 

Ektachrome Elite 400 slide film. Processed slides were then digitized, cropped, 

and conected for brightness and contrast using Adobe Photoshop 3.0 for 

Macintosh. 



3.1 BrdU incorporation study 

To study the e f f d  of manipuîating the concentration and time course of 

delivery of BrdU on the detection of rnitoticdy-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 a l l  conditions examined, 

BrdU-IR cells were detected not only in the region of the dentate gyrus, but also 

throughout Ammonrs horn (Figure 6) .  The highest density of immunoreactive 

ce& were found in the region of the subgranular zone directly below the 

granule c d  laye. of the dentate gpnis (Figure 6). Doublets of BrdU-IR cells 

(arrows, Figure 6) were evident throughout the hippocampus, with their highest 

incidence in the subganular zone. 

The region of the dentate gynis was arbitrarüy chosen as a representative 

structure through which to examine the relative dects 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 cornparison 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. 

Photornicrographs of BrdU-IR ceils in a caudal section of the hippocampus 

demonstrating the presence of labeled cells in various regions of the dentate 

gynis and Ammon's hom. The highest concentration of BrdU-IR cells was 

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

throughout Scale bar = 88pm. 





Figure 7. Quantitative analysis of BrdU-immuno~eactive ceils in the dentate 

In order to assure that homologous regions of the dentate were counted 

throughout the experiment, 3 individual (30p.m) tissue sections were quantified 

at each rostral, medial, and caudal coordinate. Then the mean nurnber of BrdU- 

IR cells for each coordinate was calculated, providing a rostral, medial, and 

caudal mean c d  count. Finally, the mean ceil counts derived ftom the rostrd. 

medial, and caudal coordinates were added together, to provide a 

representative total number of cells for each animal. Figure 7 ülustrates this 

representative total c d  count for each condition as a fundion of labeling period. 

Error bars represent the standard deviation from the mean for averages within 

each condition for one set of experiments. 





was employed, but is apparent at an earlier t h e  point (24 hm.) 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 expefiments was achieved by 

employing concentrations of 1.8 mg/mL over 72 hours (97 9 ce&), or 9.0 

mg/mL o v e  48 hours (96 = 8 ceIls). Though both protocols detected an 

eqyivalent number of cells, the latter was seleded to investigate the identity of 

the BrdU-IR c& and ascertain the potential toxic eff- of incorporating the 

BrdU nucleotide. 

32 BrdU+IZl-thymidine toxicity study 

As outüned in the methods section (2.12), three animais in three separate 

trials received either: (a) 0.10 mL i-p. injections of 10 mg/kg B.W. of [3a- 

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 h o m  for 48 hours . Upon 

completion of the injection protocols, ceus which had incorporated the 

respective nudeotides were observed both in the dentate gynis and Ammon's 

hom regions in every brain scamined. Quantitative analysis revealed that in all 

three regions of the hippocampus (i-e. CA1, CA2-3, dentate gyrus), [3H]- 

thymidine had consistently tagged fewer celis (approx. 2796) than BrdU (Figure 

8). An analysis of variance confirmed that when rostral, medial, and caudal celi 

counts were combined, significantiy fewer cells (F=82.66, pc0.01; Tukey HSD 



Figrire 8. [3H+thymidine detected sisnificantîy fewer ceils than BrdU within 

each hippoampd region. 

In each animal, three individual tissue sections ( 1 4 ~ )  were quantified at 

ros&al, 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 c d  cou* An andysis of variance 

demonstrates that when rostral, medial, and caudal mean cell counts are 

combined, [3H]-thymidine consistently detected sigdicantly fewer cells than 

BrdU in each of the fhree regions (Le. dentate gyrus, C M ,  CM-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 

expMments. 
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test) were detected in the regions of the dentate p, -1, and CA2-3 by [3# 

thymidine than BrdU. 

The distriiution of [3HJ-thymidine-labeled cells throughout the dentate 

gyms (Figures 9 and 10) a l l  the subfields of Ammon's hom (Figure Il), 

mimicked that of previously descriied BrdU-IR cells. The highest density of 

[3W-thymidine-labeled cells occurred in the subgranular zone of the dentate 

(Figure 9). Doublets of [SHI-thymidine labeled cells were evident throughout 

the hippocampus, but were obswed prderentiaily in stratum radia- and 

stratum lacunosum moleculare of Ammon's hom (Figure llA), as well as the 

hilar region of the dentate gyms (Figure 10). The occasional ocmence of 

dusters of three or more PHI-thymidine labeled cells was only observed in the 

crest region (Figure 9D) and subgranular zone of the dentate p. 

In summary, [3H]-thymidine detected significantly less cells in 

cornparison to BrdU, but the distribution of cells detected with both methods 

was Vytually identical, as was the occurance of mitotic doublets. These results 

are consistent with the premise that the BrdU Iabeling protocol does not cause 

any discernable toxic effects in proliferating cells. 

3.3 Fate of BrdU-immunoreactive cells over t h e .  

In order to determine what cell types (if any) were being produced in the 

hippocampus over time, double label immunocytochernistry was performed 



Figure 9. [SHI-thymidine labeied ce& are present in the pande c d  layu of 

the dentate p. 

Cresyl violet stained autoradiograms of [JW-thymidine labeled cells in the 

superfiaal aspect of the suprapyramidal limb (B), aest region (D), and deep 

portions of the granule cd 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 pm) applies to B and C as well. 





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

dentate gpris. 

Clesyl violet stained autoradiogams of [%Il-thymidine labeled ce& withïn the 

hilus dose to the aest (B), inhapyramidal (C) and suprapyramidal (D) regions 

of the dentate gynis. Note the appearance of a possible mitotic doublet in (C) 

adjacent to the granule c d  layer. A representation of the fields of view @-d) is 

provided in (A). Scale bar in D ( 1 0 ~ )  refers to B and C as well. 





Figure 11. [SM-thymidine labeled cells are present in Ammon's horn. 

Cresyl violet stained autoradiograms of PH]-thJrmidine-IR cells within stratum 

radiatum of CA2 (A), and immediately adjacent to the CA1 pyramidal ceil layer. 

The two labeled cells in dose approximation in (A) suggest a possible mitotic 

doublet. Note the difference in size of cresyl violet stained PHI-thymidine 

labeied cells versus cresyl violet stained unlabeied cells. Scale bar in B ( 1 0 ~ )  

refers to both panels. 





on BrdU-IR tells using known markers (see Methods section 2.2.2) for neurons 

(NeuN, Calbindin) and astrocytes (GFAP, S-100) at do ,3,6,9,12, and 24 weeks 

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

3.3.1 L o c ~ t i o n  and number 4 BrdLIhmunorec~ctive cells. 

At a l l  time points examinecl, BrdU-IR ce& were observed throughout the 

dentate gym and in a l l  regions of Ammon's hom. Once again, the greatest 

density of BrdU-IR cells was in the subganular zone of the dentate gynis (data 

not shown). The presence of doublets within the hippocampus became 

reshicted to the deep aspects of the granule ceU layer as well as stratum 

radiatum and stratum oriens of Ammon's hom as swvivd times increased. At 

the latest sumival tirne examined (24 weeks), only one doublet per brain was 

obsenred. In contrat 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 sumival time. The greatest number of BrdU-IR 

cells were detected at day zero, when approximately (20 f 4) and (18 f 5) cells 

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



Figure 12. The number of BrdU-immunoreactive cells fails s igni f idy  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 caldated providing a rostral, medial, and caudal mean cell count. Finally, 

average of the mean cell counts was deriveci, providing a representative average 

number of BrdU-IR cells for any section withui the hippocampus. For 

cornparison purposes c d  counts were divided into dentate gynis, CA1 and 

CA2-3 regions. Within each of the three regions, a significant dedine in the 

number of cells detected at day zero versus 24 weeks occurs (pcO.01; two tded 

T-test). Error bars represent the standard deviation from the mean for averages 

within each the  point for three animats in one expriment. 
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(Figure 12). These counts translate into approximately 1% of the total celi 

number in each region king BrdU-IR. By 24 weeks, a s i e cant  reduction in 

the number of BrdU-IR cells had omured, with approximately 4 & 1 celis 

(0.18%) in the dentate and 2 k 1 cells (020%) in Ammon's horn being detected 

(in both cases pc0.01; two taîied T-test) (Figure 12). Although a dramatic 

decrease in the overalI number of BrdU-IR cellç was realized over 24 weeks, the 

patterns of decîine between the two regions of Ammon's hom and the dentate 

gynis remained relatively consistent. The relationship between the density of 

BrdU-IR ce& in CA1 versus CAs3 also remained virtudy unchanged 

throughout the time ccllrse of study. 

3.32 BrdLI-immunoreactive cells differentiate in fo neurons and glia in the dmtate 

gyl?ls- 

Thhty minutes following the completion of the labeling protocol (do), 

none of the BrdU-IR cells examined in the dentate gyrus appeared double- 

labeled for either neuronal ( N e w  or glial (GFAP, $100) markers (Figure 13). 

However, at the next time point examinecl (3 weeks) over half (-58.6%) of the 

BrdU-IR cells were NeuN-IRt while a smder portion (-13%) were GFAP-IR. As 

swival times increased, the number of BrdU-GFAP double-labeled cells 

remaïned relatively undianged, whüe the percentage of BrdU-NeuN-IR cells 

declined sipficantly to approximately 20.2 % at 24 weeks (pcO.01; two tailed T- 

test ) (Figure 13). 



Figure 13. Over t h e  BrdU-immunoreaCave c d s  express neuronal and glial 

antigens in the region of the dentate gyrtis. 

Percentage of BrdU-IR c& in the dentate gyrus whidi were NeuN-IR (solid 

bar) and GFAP-IR (stippled bar) at different survival times following the 

administration of BrdU. A cornparison of the number of double-labeied ce& at 

3 weeks and 24 weeks reveals no significant difference in the percentage of 

BrdU-GFAP-IR c m ,  but a significant decrease in the percentage of BrdU-NeuN- 

IR cells (~~0.01; two tailed T-test ). Enor 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 c d  layer (Figure lm), examples of BrdU-GFAP-IR 

cells were occasionally obsenred within the granule cell layer (Figure MA). For 

the most part, BrdU-GFAP-IR cells withm the hilus and molecular layers 

displayed morphologies (srnaIl c d  bodies and numerous stellate processes 

extending into the granule cell layer) characteristic of mature as&ocytes (Fi- 

MA). 

In contrast to the labeling pattem desmied above, the majority of BrdU- 

NeuN-IR ce& were located within the granule c d  layer. This made the 

confirmation of BrdU-NeuN-IR cells somewhat diffidt to discem due to the 

overlapping of neuronal cell bodies. However, examples of BrdU-NeuN-IR ce& 

were detected immediately adjacent to the subgranular zone as well as in the 

Mar region, making the confirmation of the double-label coinadent more 

certain (Figure 15A,B). To assure that the double-label coinadent was genuine, 

a second neuronal marker, Calbindin, was employed (Figure 15 C-H). The 

distribution of BrdU-Calbindin- and BrdU-NeuN-IR celis were virtually 

identical, with the majority of the BrdU-Calbindin-IR ce& being located in the 

granule c d  layer. 

Figure 15 illustrates both BrdU-NeuN- and BrdUSalbhdin-IR cells in the 

dentate g y r i ~ ~ ~ .  Generally, the BrdU-IR nudei of NeuN-IR ceils (long arrow, 

Figure 15A) were considerably Iarger than those which did not exhibit NeuN- 

imrnunoreactivity (short mow, Fi- 15A). Further, as BrdU-IR nudei became 



Figure 14. Examples of BrdU-S-100- and BrdU-GFAP-immunoreactive cells in 

the dentate ggnis. 

Photomicrographs of BrdU-IR cells (processed at 6 weeks) that are GFAP- 

immunoreadive (A, arrows) and Slûû=immunoreactive (8) in the dentate p. 

Note the mature stellate morphology of double-labeled cells both within the 

granule ceIl layer and within the subganular zone in A (arrows). Scale bar in A 

= 20 Pm, while bar in B = 10- 





Figure 15. Examples of BrdU-Ne-- and BrdU-Mbhdh-immmoreactive 

c d s  in the dentate gyriis. 

(AfB) Two photomicrographs of BrdU-IR cells (procesed at 6 weeks) that are 

N d - I R  (A and B. long arrows) and non-NeuN-IR (A. short arrow) in the 

dentate gynis. 

(C-H) Two series of photomicrographs (GE and F-H) showing BrdU-IR nudei 

(C and F) in the same field and plane of focus with Calbindin-IR cells @ and G), 

are combined 

infrapyramidal 

to produce BrdU-Calbindin double labeled ceIls in the 

(E) and suprapyramidal (H) limbs of the dentate gynis 

(processed at 6 weeks). Note: (i) the ciifference in size of BrdU-IR cells in (A) 

that are (long arrow) and are not (short arrow) NeuN-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 ~rm, and applies to hames A and B; bar in H 

= 20pm and appiies to frames C through H. 





more differentiated (in. exhiiited mature neuronal or glial c d  markers), the 

pattern of fluorescence changed from completely filling the nudeus (short 

arrow, Figure 15A), to becoming what Nowakowski and Miiîer (1988) desc~ied 

as "mottled in appeaance (green celk without arrows, Figure 15 C and F). That 

is, bright spots of BrdU-irnmunofluorescence overlaying a ?background'' of 

moderate BrdU-immunofluorescence. These two characteristics, larger nudei 

and "mottled BrdU-immunofiuorescence, were relativdy consistent indicators 

of more Mefentiated cell types. Figure 15 A (short mow) also illustrates a 

possible doublet of BrdU-IR cells in the aest region of the hilus of the dentate 

gynts. As previously described, the incidence of mitotic doublets throughout 

the hippocampus was highest in this region (ie. immediately adjacent to the 

granule c d  Iayer). 

3.3.3 Brdll-immunmeactive ceIl3 di&entiate info neurons mui glia in Ammon's h m .  

As in the region of the dentate g y n ~ ~ ,  BrdU-NeuN- and BrdU-GFAP-IR 

cells were first detected in Ammon's hom 3 weeks following the administration 

of the nudeofide (Figure 16). Once again the percentages of BrdU-GFAP-IR cells 

remained basically unchanged, while the percentage of BrdU-NeuN-IR ceils 

declined significantly as sumival times inaeased from 3 weeks (-24%) to 24 

weekç (-3.7%) (pe0.01; two tailed T-Test). A cornparison of the percent of - 

double-labeled cells in Ammon's hom versus the dentate gynis suggests that: (i) 

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



Figure 16. Over t h e  BdU-immunoreactive c a s  express neuronal and gliai 

antigens in the region of Ammon's hom. 

Percentage of BrdU-IR celis in Ammon's horn whkh were NeuN-IR (solid bar) 

and GFAP-immunoreactive (stippled bar) at various sumival times following 

the administration of BrdU. A cornparison of the nwnber of double-labeled ce& 

ai 3 weeks and 24 weeks reveals no significant difference in the percentage of 

BrdU-GFAP-IR ceh, but a signifiant dedine in the percentage of BrdU-NeuN- 

IR cells (pc0.01; two tailed T-test ). Error b a s  represent mean + S.D. 
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cells were detected in both regions while, (5) a much greater percentage of 

BrdU-Nd-IR cells were detected in the dentate (3 wks-586%, 24 wks-202%) 

versus Ammon's hom (3 wks-24%, 24 wks-4.6%) (Figures 13 and 16). 

The majority of BrdU-GFAP and BrdU-S-100-IR cells were located in 

stratum radiahim and stratum lacunoswn moleculare (Figure 17). Nthough 

double-labeled glial cells were also detected in stratum ariens, no such cells 

were observed at any t h e  in the pyramidal c d  layer. The morphology of the 

BrdU-GFAP-IR cells once again resembled that of mature astrocytes, exhibiting 

charactefistic stdate processes extendhg from the BrdU- IR nudeus (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 describe& the BrdU-IR nudei of NeuN-IR cells 

in Ammon's horn were generally larger and exhbited a "mottled appearance in 

cornparison to those which did not exhibit Nd-irnmunoreactivity, however, 

this was not always the case (Figure 18 D and F). Owing to the close 

approximation of NeuN-IR c& in the pyramidal cell layer, a second neuronal 

label was employed. Ody a single example of a BrdWalbindin-IR c d  was 

found in the CA1 pyramidal c d  layer following the examination of two animals 

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



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

Ammon's hom. 

(A) Photomicropph of a BrdU-SlOO-IR c d  (processed at 6 weeks) in stratum 

radiatu. of C M .  

(RD) A series of photomiaographs (processed at 6 weeks) showing a BrdU-LR 

nucleus (B) in the same field and plane of focus with a GFAP-IR c d  (C) which 

are blended to produce a BrdU-CFAP-IR ceil (D) in stratum lacunosum 

moleculare of CA1. Scale bar in A = 10 pm; bar in D = 10pm and applies to 

frames B through D. 





Figure 18. ExampIes of BrdU-NeuN-immunoreactive ceils in Ammods horn. 

Three series of photomiaographs (AC, D-F, and GI) (processecl at 6 weeks) 

showing BrdU-IR nudei (A, D, G) in the same field and plane of focus with 

NeuN-IR cells (B, E, H). These are combined to produce BrdU-Nefi-IR cells in 

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

of CA3. Scale bar in 1 = 20 Pm, and appües to a l l  frames. 





Figure 19. An example of a BrdUabindin-iminunoreactive c d  in the CA1 

pyramidai c d  layer of Ammon's hom. 

A photomicrograph (processed at 6 weeks) of two Cabinciin-IR cells (red), with 

only one disp1ayi.g a BrdU-IR (arrow) nudeus in the CA1 pyramidal cell Iayer 

of Ammon's hom. Note the presence of basai dendrites in both cells. Scale bar 





4.0 DISCUSSION 

The resuits of this study indicate for the first tirne, that the generation of 

new neurom and glia in the adult m a d a n  hippocampus is not limited to the 

region of the dentate gynis, but rather extends into Ammon's hom. 

Identification of these newly-generated ce& was made possible by ernploying a 

novel BrdU-labeling protocol. This protocol attempted to account for cytokinetic 

changes such as increased cd cycle times and decreased growth fractions whidi 

occur in the central nervous system as an animal ages. The distniution of the 

newly-generated neural celIs 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 mitoticully-active celZs 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 celi cycle times and deaeased growth fkactions. 

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. 

Essentiaily these protocols differed from those previously reported in so mudi 

as the window of nucleotide delivery was protracted h m  a period of hours to a 

period of days, while still ensuruig that the tirne between injections remained 



l e s  than the population's reported Sphase. F i g w s  6 and 7 illustrate that the 

results of these protocols were two fold. Fizst, in regions where proHerathg 

cells have previously been reported in the adult (i.e. dentate gynis), a greater 

number of BrdU-IR cells were detected. Cameron et al. (1993) reported that in a 

40 Fm coronal section through the dentate gyrus of an adult mouse, the 

maximum number of [3H]-thymidine-labeled cells was 7. In coronal sections (14 

p) through the same region employing an extended labeling protocol, a 

maximum of 26 BrdU-IR (Figure 12) and r11]-thymidine-labeled (Figure 8) cells 

were detected. Second, BrdU- (Figure 6) and rw-thpidine- (Figure 11) IR cells 

were detected in regions of the hippocampus (Le. Ammon's horn) not 

previously reported. number. These results suggest that a greater amount of 

nudeotide was made available to the proliferating cells for a longer period of 

time. This facilitated the novel detection of putative slow cyding cells which 

may have been overlooked in previous investigations due to the sub-threshold 

levels of the nudeotide being incorporated. 

The possibility does exist that the inaeased number of BrdU-IR cells 

(discussed below) observed in regions of the hippocampus where proliferation 

has been previously described (Le. dentate gynis) could be related to stressing 

the animalS. Morshead and van der Kooy (1992) reported that animals which 

were stressed by administering anesthetic 24 houts before labeling, displayed 

more [3~-thymidine-labeled subependymal cells than controls. Although they 



noted that the inaease in [3H]-thymidine-labeIed cells was transient and did not 

translate into an inaease in Nissl stained cells, they could not discount the 

inunediate effects stressing the animal had on [3~-thpidinelabeled ceII 

In the BrdU incorporation study, two protocois (1.8 mg/mL over 72 hours; 

9.0 mg/mL over 48 hours) redted in the detection of an equivalent number of 

ceiis (97+ 9 and 96 I 8 respectively) (Figure 7). Although either protocol could 

have been w d  to investigate the identity of the BrdU-IR cells, the latter method 

was selected for two prinaple reasons. First, as higher concentrations of BrdU 

were employed to detect the prolikrating cells, a leveling off in c d  number was 

apparent at earlier time points (Figure 7). This leveling off could possibly be 

attributed to: (a) the cytotoxic effect of the nudeotide, or (b) the identification of 

more than one population of proliferating ce&. If more than one populaiton of 

cells was detected, (with one population of being characterized by a longer c d  

cyde tirne) a leveling off in ceil number would be apparent (Morshead et al., 

1992). However, a stalling of the cell cyde or inhibition of proliferation, (both 

caused by cytotoxiaty) could also explain this finding. Because the cytotoxic 

effects of continuously admùiistering the nudeotide are more pronounced over 

time, (even though we did not assay for them) any detedion method which 

detects an equivalent number of cells in a shorter time frame would be 

preferred. Second, the BrdU-IR ceils detected with 1.8 mg/mL were more 

difficult to detect. This problem in detection would oniy become more 



pronounced as survival times increased, and would make the future 

identification of double-labeled cells nearly impossiile. The diff~dty with 

detedion of the proliferating c& when the lowest concentration of BrdU was 

employed is suggestive of why previous investigators failed to detect 

rnitotically-active cells outside the dentate gyrus. Proliferating cells may have 

been miçsed when either sub-threshold leveis of the nucleotide were present 

over an extended time course (as in our case), or supra-threshold levels of the 

nudeoade were present over an inadequate amount of üme (pulse techniques). 

In bot .  cases, proliferating ceils were unable to incorporate adequate arnounts 

of the nudeotide during Sphase, so as  to rise above the threshold of detection. 

4.2 The BrdU incurporafion seen @et. exterrded Zabeling periuds is likely not 

due to polyploidy or DNA repuir. 

W e  propose that the administration of 9.0 mg/mL (45 mg/kg B.W.) of 

BrdU every two hours for 48 hours resdted 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 celis in whïch the process of polyploidization or 

DNA repair was occwring. 

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 



mitosis at various lev& (Vendrely and Vendrely, 1956; Mazur, 1990; Nagl, 

1990). This phenornenon is more typical of plants and invertebrates than 

vertebrates, however, the inadence d polyploidy in mammalian cells has been 

reported in the liver (Goss, 1967), u r i n q  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 ceIls in the hippocampus for the following reasons. First, the majority 

of the mammaiian ceIl types exhiiting polyploidy are established by the cell 

fading to accomplish mitotic telophase (ia. divide) (Camiere, 1967; WïnkeImann 

et al., 1987). This failtue results in two pairs of sister chromatids remaining 

within one cd, and upon refonnation of the nuciear membrane, the formation 

of binudeate cells. Aithough the occurrence of two BrdU-IR nudei in dose 

approximation (a possible binudeate ceil) was noted in this shidy, the vast 

majority of the labeled nudei were not in dose approximation, discounting the 

premise that the ceils are polyploidy (Figure 6). Second, due to the increased 

DNA content of polyploid ce&, the nuclei of such cells are usually greater in 

diameter than proliferating c& (Cogeshail ef al. ,1970; Lasek and Dower, 1971; 

Brodsky and Uryvaeva, 1977). The BrdU-IR c& examined at day zero al l  

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

examining the occurrence of rnitotically-active c& in the adult hippocampus 



using both Pa-thymidine and BrdU have failed to detect sudi ce& outside the 

dentate gynis. If polyploidization was occurring, at lest one investigation in 

the past 35 years shodd have noted the occurrence of mitoticaliy-active cells. 

Finally, to date ody one example of a mature CNS ceil containing more than 

two sets of the haploid gemme has been demonstrateci. 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 cerebelium. This 

uncornmon phenornenon was thought due to the partial replication of the 

gemme at some stage of development, and has not been reported to occur in 

any other C N S  cd type. 

Because we have not completed an investigation into the occurrence of 

polyploidy in the BrdU-IR cells ourselves, we can not complekly eliminate the 

possibility of its ocmence. However, it seems unlikely given the arguments 

listed above that the incorporation of BrdU reported in this study is due to 

polyploidkation. 

a .  

In general, DNA damage and subsequent 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 externd factors such as 

exposure to ultraviolet radiation, metabolizing enzymes, or other toxic 

chernicals (Baan, 1987). In the majority of cases response to the damage requires 



nudeotide excision repair, where the defecave DNA is cut out and replaced 

with undamaged nudeotides through DNA synthesis and ligatîon (Naegeli, 

1995). If the repair process occurs in the presence of BrdU or raithymidine 

and these nucleotides are incorporated, the non-proliferatïng c d  will appear 

mitoticdy-active (Howard-Fianders, 1973; Hanawalt et d., 1979). 

In such cases, pou would expect to see the scattered appearance of BrdU- 

IR loci within a relatively unlabeled nucleus. This is due not onIy to the 

frequency of repair, but also because only one nudeotide of a possible four 

which c m  be employed in the repair process (in the case of BrdU) will be 

detected. In hippocampal sections processed for BrdU-immunocytoch~try 

immediately following the completion of the labeling protocol, ail of the nudei 

exhiiiting BrdU-immunoreactivity did so in an "all or none" fashion (Figure 6). 

That is to say, the entire nudeus was either bright with the fluorescently tagged 

market or no nucleotide was deteded, the scattered labeling pattem indicative 

of DNA repair was not observed. At sUTVivaI times of 3 weeks ce& with 

mottled BrdU-IR nudei were observed, suggesting that c d  division rather than 

DNA repair had taken place, diluting the levd of incorporated nudeotide. 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 c d  wouid undergo apoptosis. 



4 A cmnparison with Iower concenfrRt.rkms of P4-fhymàdine suggests that 

t h  BrdU-I~tbeIingprotocoI does not produce any diScenrable cytotoxic #ects. 

Having addressed the possibility that BrdU-incorporation was due to a 

non-proliferative event, it is important to establish that the incorporation of 

nudeotide into the prolifmating cells did not cause a cytotoxic effect. The 

exposure of tissue cultures to hi* concentrations of ?Hl-thymidine and/or 

BrdU has been shown to cause a gadient of cytotoxic effects. These eff- are 

progressively manifested through. (i) the slowing or stalling of the c d  cpde 

(usuaUy in Sphase), (ii) inhiiition of proliferation, ((iii) early or inappropriate 

dlfferentiation, (iv) irreversible chromosomal damage, and finaiIy (v) c d  death 

via apoptosis (Cleaver, 1967; Sawicki and Dom, 1973; Kufe ef al., 1980; Maurer, 

1981; Trent et al., 1986; Miller and Nowakowski, 1988). Numerous 

investigators have worked to detemine the acceptable levels of aogenous 

nudeotides in culture (reviewed in Feinendegen, 1967). However, it is diffidt 

(if not impossible) to relate in mtro data to investigations performed in vivo. 

Therefore, to dernonstrate that the BrdU injection protocol did not cause a toxic 

effect we compared the number and distribution of BrdU-IR celis with a 

separate group of animals whîch received 0.10 mL i-p. injections of 10 mg/kg 

B. W. I3 H+thymidine ($.33pCi/injection; specific activity = 6.7 Ci/mmol) . 

Previous investigations (reviewed in section 2-15) have indicated that this 

concentration and specifïc activity does not produce discemiMe toxic effects. 



Cornparison of the nmber (Figure 7) and distriiution of BrdU versus 

rH]-thymidine-labded cells suggests that the BrdU-labeling protocol does not 

produce a stallVig or inhibition of the c d  cycle in proliferating ce&. Evidence 

of such an event would be manifested through: (a) a disparity in the overall 

distribution of BrdU versus ?Hl-thymidine4abeled cells, (b) an absence of 

BrdU-labeled mitotic doublets, or (c) an absence of BrdU-labeled mitotic 

doublets in regions containhg rH-thymidine-labeled mitotic doublets, and (d) 

greater numbers of [3HJ-thymidine versus BrdU-labeled cells in at least one 

region of the hippocampus. ['Hl-thymidine comistently detected significantly 

fewer ce& in a l l  regions of the hippocampus (Figure 8). However, in every 

region where BBrU-IR C& or mitotic doublets were detected, [3Hl-thymidine- 

labeled cells and mitotic doublets were also observed (Figures 9, 10, 11). This 

can't be athibuted to the relative sensitivities of the respective nucleotides, nor 

to Werences in their penneabliaes through the blood brain barrier (the choroid 

plexus), since it has been established that both nudeotides are vYtuaUy identical 

in both regards (Packard et al, 1973; Raza et k, 1985; Nowakowski et al., 1989; 

Moms, 1991). However, it is possible that the reduced number of [3* 

thymidine-labeled cells could be due to the fact that a lower amount of the 

nudeotide was employed as compared to that of BrdU. To test this hypothesis, 

a second set of animals injected with a higher dose of rwthymidine (doser to 

that of BrdU) could have been w d .  Then, by following the three groups of 



animals (BrdU, [3Hl-thymide low concentration, rmthymidine higher 

concentration) over 3, 6, 9, 12, and 24 weeks, a more distinct picture of 

differentiation, proIiferation, and cytotoxiaty couid be achieved. 

The results presented in Figure 7 &O suggest that the BrdU-Iabeling 

protocol did not produce a toxic effea, in in mu& as altering the proliferative 

capacity of the labeled cells. Recall that as increasing concentrations of BrdU 

were used, a plateau in the number of Iabeled cells becarne noticeable. In each 

case an alrnost linear increase in the number of labeled cells preceded the 

plateau, indicating the approximate point at which toxiâty of the nudeotide 

caused an inhibition in proliferation. At 48 hours the number of labeled cells 

using 9.0 mg/mL s a  represents a linear inaease, suggesting that stalling or 

inhiiiition of the cell cyde has not occured. 

4.4 Evidence for newly-generated nerrons and glia throughout the 

hippocampus. 

To determine the number, distribution, and fate of the BrdU-IR cells 

foiiowing the administration of the ndeotide, three animals were perfused at 

sunrivd thes  of 3,6,9,12, and 24 weeks. Quantitative analysis of the BrdU-IR 

cells revealed a significant deche in the number of cells detected between day 

zero and 24 weeks (Figure 12). This deciine occurred both in Ammon's hom 

and the dentate gynis, and can be attnbuted to three possible mechanisms; c d  

death, proliferation, and migration. Although each possibility has the potential 



to account for the dedine, the most plausibie explanation is that combination of 

the three is oceurring. Previous studies have illustrateci the proliferation of rHJ- 

thymidine-labded precursors in the dentate gyrus, followed by th& migration 

and differentiation into neurons and giia supporting the possibility that such a 

combination of processes is occurring here (Gueneau et al., 1982; Kaplan and 

Bell, 19û4; Stanfidd and Trice, 1988; Cameron et al., 1993) However, if all  the of 

BrdU-IR cells detected ai day zero (estimated at 14t4ûû) proceeded to divide and 

give rise to new neurons and #a, one would expect a significant increase in the 

size and density of the hippocampus in the mouse ove tirne. Especidy 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 apparentt the fate of the majority of the BrdU-IR cells must be death. 

However, as illustrated by the consistent number of BrdU-IR ce& detected 

between 3 and 24 weekst not all the proliferating ceils undergo cell death (Figure 

w - 

Double-label immunocytochiemistry performed on the BrdU-IR cells in the 

dentate demonstrated the presence of mature neural antigens ai 3 weeks (Figure 

13). The majority of the BrdU-IR ce& differentiated into committed neurons 

(NeuN, Caibindin; Figure 15), whüe a smaller portion presented glial antigens 

(Ç-100, GFAP; Figure 14). The time couse of antigen presentation was shmilar 

to previously reported works, as was the proportion of neurons as compared to 



giia. Cameron et d. (1993) demonstrated that (in the rat) immediately fo110wing 

the labeling of dividing cells, positive immunoreactivity for mature neurons 

(NSE) or glia (GFAP) was absent. However, at three weeks the majority 

(approx. 7096) of labeled cells were NSE immunoreactive, wMe approxïmately 

20% were GFAP-immunoreactive. In both studies, the distribution of GFAP- 

labeled celis occurred primariiy outside the granule c d  layer, while the majonty 

of newIy-generated neurons were located within the granule c d  layer. Because 

of this phenornena, two neuronal markers were employed in this study. NeuN, 

which recognizes a neuronal specific nudear protein, and Calbindin, which 

recognizes a neuron-specific calcium bïnding protein typically fond in dentate 

gyrus granule cells (Sloviter, 1989; Celio, 1990). Both identified BrdU-labded 

cells of similar morphology and distribution. 

The generation of new nemons and glia in the region of the dentate gyrus 

have been reported previously and investigated in pater detail than in the 

present study. Therefore, the discussion conceniing the location, morphology, 

and oMer attniutes concemhg the generation of new cell types in the adult wiU 

be limiteci to the region of Ammon's hom. 

The results presented in this study suggest that new neurons and glia are 

being generated in the region of Ammon's hom of the addt mouse, a finding 

not previously reported. A cornparison of the number of BrdU-GFAP-IR cells in 

the region as a function of survival time (Figure 16) reveals that: (i) GFAP 



Unmunoreacüvity is ùutially detecbed at three weeks, and (5) the percentage of 

BrdU-GFAP-immunoreactive c e h  does not change signXcantly between 3 and 

24 weeks. This suggests that BrdU-GFAP-IR c& do not undergo proliferation 

or cell death to a significant degree, but rather diffemntiate 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 ce11 turnover is occuring in Ammon% hom. 

Ln contrast to the pattem previously desaiied, the percentage of BrdU- 

NeuN-IR c& dedined signiscantly between their first occurrence (3 weeks) 

and the latest time point examinecl (24 weeks) (Figure 16). This dedine in cell 

number c m  be hterpreted 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 celI death and were rernoved. The second and 

third explanations are relakd to the neuronal m a r k  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 ef al., 1992). The time of 

appearance and position of the NeuN-IR ceils coinades closely with the first- 

bom neurons of the mouse neural tube (Nomes and Carry, 1978; M ~ C 0 n d . l ~  

1981). However, it is likely that a portion of the labeled cells in the n e d  tube 

are still capable of proliferation. Theref0mr putative proMeration of the BrdU- 

NeuN-IR cells detected at three weeks could cause the dilution of the 

incorporatecl nudeotide, and resuit in a decline in the number of double-labeled 



cells being detected. So, it is possible that those ceils initidy detected at three 

weeks codd proliferate, dilutirtg the nucleotide and subsequently: (a) undergo 

celI death, or (b) remain as f d y  functionai neurons whose BrdU- 

immunoreactivity has Men below detectable levels. 

While it is Mceiy that a combination of the three processes described above 

are occtlfing, it is impossible to determjne which process speafic populations of 

cells are undergoing. Noteably, three lines of evidence suggest that a poaion of 

the BrdU-NeuN-IR ce& remain in the region of Ammon's hom. First, the 

observation that the majority of the BrdU-NeuN-IR cells displayed a "mottled" 

appearance suggests that c d  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 c d  indicates that post-mitotic neurons 

persist in Ammon's hom for an atended period of time. 

The observation that the majority of the newly-generated neurons are 

located in stratum radiatum and in dose approximation or directly within the 

pyramidal cell layer of Anunon's hom suggest that we are dealing with the 

generation of intemeurons. The ocmance of Calbindin-IR intemeurons 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 obsewed in this study is an 

intemeuron (Figure 19). Functionaiiy, the addition of interneurons to the 

existing circuitry of the hippocampus makes sense. Rather than disturb 



established projection pathways, modulation or alteration of input codd be 

accomplished through the addition or replacement of local intemeurons. This 

scenario has been demonstrateci to occur in the dentate gyms and oifactory bulb 

of the adult mouse (reviewed in Altman and Bayer, 1993 and Rousselot et al., 

1995). In both cases, the generation of locally projecting grandar netuons (or 

intemeurons) continues throughout the life of the animai. In the case of the 

dentate gyrus, neurogenesis is regulated in part by adrenal steroidsf excitatory 

input, and NMDA receptor activation (Gould ef al. ,1990; Gould et al. , 1992; 

Godd and McEwenf 1993; Cameron and Gould, 1994; Cameron et al., 1995). 

This arrangement allows for the maintenance of appropriate hippocampal 

function, while providïng a means through which synaptic efficacy can be 

modulated. An alternative explanation of the single BrdU-Calbindin-IR ceil is 

that "one equals none". That is, the occurance of the BrdUCalbindin-IR celi 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 conjundion with BrdU immun~reacüvity~ since 

the majority of interneurons are GABAergic in Ammon's hom. 

The observation that the majority of newly-generated glia in Ammon's 

hom 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 'men an mon of cell A...excite[s] c d  B and 

repeatedly persistentiy takes part in firing it, some growth process or metabolic 



change takes place in one or both ce& so that A's efficiency as one of the ceiis 

firing B is increased." (Hebb, 1949). In Ammon's hom, the most attractive 

region to alter syiaptic efficacy with minimal disturbance would seem to be in 

the dendritic fields of the pyramidal neurons (Le. stratum radia- and stratum 

lacunosum moleculare). This modulation could be accomplished through the 

addition of astrocytes or neurons, both of which have been report4 in this 

study . 

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

exhibit either neuronal or glial antigem (data not shown). The majority of these 

BrdU-IR cells are s m d  (approx. 5 p) and are characterized by a full, bright 

pattern of fluorescence, indicating that they have not diluted the level of 

incorporated nudeotide. Theh prefe.rentid location in the subgranular zone of 

the dentate gynis is suggestive of a putative progenitor population as descried 

in Kuhn et al. (1996). However, their small size and bright pattern of 

fluorescence could also be indicative of miaoglia or macrophages which have 

been describeci throughout the C N S  (Perry et d. ,1985; Lmng and Ling, 1992). 

SUMMARY AND FUTURE DIRECTIONS 

Through the development of a novel Iabeling protocol we have 

demonstrated the widespread generation of new neurons and glia in the 

hippocampus of the adult mow.  We futther demonstrated for the first tirne, 



that neuro- and giiogenesis is not restticted to the region of the dentate gynis, as 

previously thought, but occurs in Ammon's hom. The distribution of new 

newons and giia is consistent with locations of modifiecl synaptic efficacy in the 

hippocampus, suggesting a possible role for the newly-generated cells in the 

processing of new information. Several questions st i I l  m a i n  unanswered. For 

example, what percentage of newly-generated neurons and glia undergo c d  

death? What is the significance and/or funetional consequence of a population 

of c& in the hippocampus tuming over? Are there progenitor or stem ce& in 

the region of the hippocampus which give Ne to these new cells? What factors 

control the processes of neuro- and gliogenesis in the region? Is this phenornena 

simply a continuation of the prolonged development of the hippocampus? 

Answers to westions such as these may provide a better understanding of 

the role of c d  turnover in hippocampal function. Understanding what controls 

thiç process may allow for stimulateci repair of the hippocampus after injury or 

disease. 
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