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Abstract t 

Removall  of corticosterone by adrenalectomy induces apoptosis 3 days later in some but not 
alll  rat dentate granule cells. We hypothesized that individual dentate cells trigger specific 
genee expression profiles that partly determine their apoptosis susceptibility. RNA was 
collectedd from physiologically characterized granule cells at 2 or 3 days after adrenalectomy 
orr sham operation, and linearly amplified. The amplified RNA was hybridized to cDNA 
clonesclones of 1) candidate genes earlier identified after adrenalectomy in whole hippocampi with 
SAGEE and 2) genes encoding growth factors and their receptors. We observed that based on 
thee entire expression profile, cells relatively resistant to apoptosis 3 days after adrenalectomy 
clusteredd together with one-third of cells 2 days after adrenalectomy. Within the group of 
ADXX cells, a limited number of transcript ratios were found to correlate -positively or 
negatively-- with a known risk factor for apoptosis, calcium influx. The overall analysis of 
physiologicall  properties and multiple gene expression in single cells can narrow down the 
numberr of critical genes involved in apoptosis identified with large scale gene screening 
methodss and allows a first impression of their role as being a potential riskfactor or 
neuroprotective. . 

Keyy words: apoptosis, corticosterone, RNA amplification, growth factors, calcium, serial 
analysiss of gene expression. 
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Introduction n 

Corticosteronee modulates gene expression in the hippocampus through activation 
off  intracellular receptors (De Kloet, 1991). Corticosteroids are important for the stability of 
celll  turnover in the dentate gyrus (DG): Removal of corticosterone by adrenalectomy (ADX) 
leadss to increased neurogenesis as well as apoptosis (Cameron et al., 1998); apoptosis is 
preventedd by low doses of corticosterone (Sloviter et al., 1989; Woolley et al., 1991; Hu et 
al.,, 1997). Cell death occurs particularly in the suprapyramidal blade where eventually -25% 
off  the granule cells die by apoptosis after ADX (Sapolsky et al., 1991) while the remaining 
cellss resist apoptosis. Possible causes for the opposite fates of neighbouring DG cells could 
relatee to cell-specific factors like Ca2+influx (Karst and Joels, 2001), synaptic input (Stienstra 
ett al., 1998) or differential gene expression. We here tested the possibility that DG cells 
triggerr specific gene expression profiles after ADX that may determine their chance of 
survival.. We focused on two categories of genes: First, several growth factors and their 
receptorss which are regulated by corticosterone (Chadi et al., 1993; Chao and McEwen, 
1994;; Lauterborn et al., 1995; Schaaf et al., 1997); second, genes previously found to be 
differentiallyy expressed in whole hippocampi from rats 3 days after ADX, as established by 
seriall  analysis of gene expression (SAGE) (Datson et al., 2001). Given the opposing fates of 
neighboringg cells after ADX, gene expression was studied at the single cell level. 

Experimentall Methods 

AnimalsAnimals and tissue processing 

Twoo months old male Wistar rats (Harlan CPB, the Netherlands) were group 
housedd under standard conditions with an alternating 12-hour light cycle (8:00 am lights on). 
Ratss were bilaterally adrenalectomized or sham operated under halothane anaesthesia (Ratka 
ett al., 1989). Animals were decapitated and trunk blood was collected for corticosterone 
measurementt using a radio immunoassay. All ADX rats included in the present study 
displayedd corticosterone levels below lug/ 100ml. The animal experiments were approved by 
thee local Animal Experimental Committee. 

RecordingRecording and RNA collection: 

Onn the day of the experiment, the rat was placed in a clean cage and decapitated 30-
455 min later, which presumably results in mildly elevated plasma corticosterone levels (10-
155 jxg/100ul) in adrenally intact rats (Karst and Joels, 2001). Transverse hippocampal slices 
weree prepared as describe earlier (Karst and Joels, 2001). Slices were stained ex vivo with 
Hoechstt 33582 (0.6mM) at room temperature for 10 min to visualize nuclear chromatin 
(Wossinkk et al., 2001). Healthy granule cells at 2 or 3 days after ADX and or sham operation 
weree recorded for their conductance through voltage gated Ca channels and membrane 
capacitance.. The patch pipettes were filled with Cs-methane sulfonate (141mM), HEPES 
(lOmM),, BAPTA (5mM), MgATP (2mM), NaGTP(O.lmM): pH 7.4, 295mOsm. After 
recording,, the cell content including mRNAs present in the soma was aspirated through the 
recordingg electrode. 
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aRNAaRNA amplification: 

Chapterr 3 

Thee aspirated cell content was transferred to a tube containing 20 U of RNase 
inhibitor.. Subsequently, reagents including avian myeloblastosis virus reverse transcriptase 
(RT,, Seikagaku America) were added for first-strand cDNA synthesis as described 
elsewheree in detail (Eberwine et al.}  1992; Nair et al., 1998). The resulting single-stranded 
cDNAA was linearly amplified to generate amplified aRNA. Purified first-round aRNA was 
furtherr taken through a second round of amplification to generate 32P-labeled aRNA. This 
aRNAA population is antisense to the original poly(A)+ RNA and linearly amplified over the 
latterr by greater than a million-fold (Madison and Robinson, 1998). 32P-labeled aRNA was 
usedused to probe slot blots loaded with candidate cDNA clones prepared using a MaxiPrep kit 
(Promega).. Hybridization was done for 48 h at 42 °C after 24 h pre-hybridization in a 3 ml 
buffer24.. Blots were washed air-dryed and exposed to a phosphor imager for 48 hours. 
Radioactivee signal was analysed by ImageQuant l.l v and analysed for statistically 
significantt differences with analysis of variance followed by post hoc multiple comparison 
off  the means. Since in almost all cases the variance of the groups differed significantly, non-
parametricc testing (Kruskal-Wallis, Mann-Whitney-U) was applied throughout. 

Immunohistochemistry Immunohistochemistry 

Malee Wistar rats (n=13) were transcardially perfused after Nembutal anaesthesia 
withh 50 ml of 0.9% saline followed by 250 ml of 4% paraformaldehyde in phosphate 
bufferedd saline (PBS)(pH 7.4; 0.05 M). Next the brains were placed in PBS with 0.05 % Na-
Azide.. Brain tissue was then placed in 30% sucrose in 0.1 M phosphate buffer overnight, 
frozenfrozen on dry ice, cut in horizontal serial sections (30 um) and transported to a series of PBS 
filledfilled vials. One series was stained with a monoclonal antibody (Transduction Laboratories) 
againstt CamK II (1 to 200). Indirect visualization was with FITC or Cy3 conjugated 
secundaryy antibodies. Quantification of the fluorescent staining pattern was performed on the 
basiss of confocal laser scanning microscope (Noran Oz, USA) images by constructing a bar 
off  50 x 250 pixels in an area that was superimposed over the main hippocampal subareas as 
shownn in figure 1C. Over the entire area of the quadrant thus constructed, a scan was made 
usingg the Peak Finder software from Intervision (Noran Software Co.), that reflected the 
stainingg intensities distributed over the different hipocampal neuronal layers from CA1 to 
DGG suprapyramidal blade to hilus and/or CA4, to the infrapyramidal blade of the DG. 
Subsequently,, quantification of immunoreactivity for every subarea was expressed by the 
peakk areas, as assessed by Intervision 1.7 software (Noran), and corrected for the 
backgroundd levels of the area between CA1 and DG. A similar procedure was applied for the 
CA33 area. At least three sections at the midhorizontal level of the hippocampus were 
analyzedd and averaged for every animal. 

Resultss and Discussion 

DGG granule cells were identified by the location of their soma (figure 1A) and 
physiologicall  properties, in whole cell patch clamp recordings (Karst and Joels, 2001) After 
recording,, the cellular content including all poly-A tailed RNA was aspirated and linearly 
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amplifiedd (Eberwine et al., 1992). Labelled RNA was hybridized with cDNA clones (Figure 
IB) ,, including: 1) The growth factors Brain Derived Neuronal Factor (BDNF), Neurotrophin 
33 (NT3), acid Fibroblast Growth Factor (FGF1), basic Fibroblast Growth Factor (FGF2), 
epidermall  growth factor (EGF), and some of their receptors i.e. Tyrosine receptor kinase B 
(TrkB)) and Tyrosine receptor kinase C (TrkC); 2) the SAGE identified genes (Datson et al., 
2001)) of immunosuppressant FK506 Binding Protein 12 (FKBP12), N-Chimaerin, Protein 
Inhibitorr of Neuronal nitric oxide synthetase (PIN), mitochondrial Coupling Factor 6 (cf6), 
andd a novel putative GTP-binding protein PTD004. Moreover, we examined expression of 
Superoxidee Dismutase (SOD), known to be involved in DNA repair (Manabe et al., 2001) 
andd Protein Kinase B (AKT) which in some tissues is involved in apoptosis resistance (Yano 
ett al., 1998; Datta et al., 1999) but can also increase Ca-influx (Blair and Marshall, 1997). 
Expressionn levels are reported relative to CamKII, which is highly abundant, and not 
significantlyy affected by ADX when expressed relative to the less abundant Neurofilament 
(CamKIII  / NFM expression in ADX: 7.3  1.5, n=12; sham controls: 9.7  2.6, n=13; data 
obtainedd on other blots of the same cells), a standard used earlier (Nair et al., 1998; Karten et 
al.,, 1999). Also, ADX did not affect CamKII protein level, as established with quantitative 
confocall  analysis of immunofluorescent CamKII labeling (figure IC, D). As a positive 
controll  we examined the expression ratio of the anti-apoptotic factor Bcl2 relative to pro-
apoptoticc factor Bax (Karst et al. 1999). 

Hippocampall  slices were all incubated in vitro with Hoechst 33582 to visualize 
nuclearr chromatin. No giga seals could be made on (apoptotic) cells with condensed nuclear 
chromatin,, seen at 3 but not 2 days after ADX (see figure 1A). Thus, recording and RNA 
harvestingg at 3 days after ADX were confined to cells which at that time resist apoptosis. DG 
cellss recorded 2 days after ADX presumably represent a mixture of potentially apoptosis-
resistantt and apoptosis-prone cells. RNA was also collected from DG cells of sham operated 
rats.. Expression profiles of cells from 2 or 3 days sham control animals showed no 
significantt differences (p-values given in Table I), with the exception of NT3/CamKII 
expressionn (p=0.03). For further analysis, data from the 2 and 3 days sham control groups 
weree pooled; in the case of NT3/CamKII, averaged values from 2 and 3 days post-ADX cells 
weree not only compared to the pooled sham group, but also to the matching sham groups. 

Whenn comparing physiological characteristics and expression ratios between the 
sham,, 2 days post-ADX and 3 days post-ADX groups, significant differences were found for 
totall  calcium current amplitude, Bcl2/Bax, EGF/CamKII and cf6/CamKII expression ratios 
(Tablee I). Multiple comparison of the means revealed that 2 days after ADX compared to 
controll  the calcium current amplitude, EGF/CamKII and cf6/CamkII expression were 
elevated.. The 3 days post-ADX compared to control as well as 2 days post-ADX group 
displayedd an elevated Bcl2/Bax expression, which is compatible with the notion that this 
groupp displayed a bias towards apoptosis resistant cells (Yuan and Yankner, 2000). The 
FGF2/CamKIII  expression ratio in 3 days post-ADX cells was very low (ANOVA just not 
significant,, p=0.08; Table I). The relatively high Bcl2/Bax and low FGF2 (but not FGF1; 
ANOVAA p=0.76) expression 3 days after ADX agrees with studies in whole hippocampi 
showingg that glucocorticoids correlate negatively with Bcl2/Bax and positively with (glial) 
FGF22 expression in DG (Riva et al., 1995; Chao et al., 1998; Almeida et al., 2000; Hansson et 
al.,, 2000). 
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Figuree 1. Methodology to sample RNA from single cells. A. Detail of a hippocampal slice stained with Hoechst 

335822 for nuclear chromatin, obtained from a rat 3 days after ADX. The picture shows part of the suprapyramidal 

bladee of the dentate gyrus. The arrow indicates a pyknotic dentate cell with condensed nuclear chromatin. Whole 

celll  patch clamp recording was performed in cells with background staining, i.e. cells that at that time resisted 

enteringg the apoptotic route (example marked as cross). B. After recording calcium currents with whole cell patch 

clampp recording, cellular content including all poly-A tailed RNA was aspirated through the pipette, linearly 

amplifiedd in two rounds and hybridized on slot blots with cDNA clones of interest. Genes on the blot are: a) 

AMPAR1,, AMPAR2 (both not reported), Bax, Bcl2, Caspase3, control for aspeciftc hybridization to vector 

(pBlueScript);; b) CamKK, CamKII, CamKVI (all three not reported), EGF, TrkB, BDNF; c) NT3, TRkC, FGF1, 

FGF2,, AKT, PIN; d) N-chimaerin, PTD, cf6, CPG16 (not reported), FKBP12 and SOD. C. Confocal image of 

hippocampall  section showing immunohistochemical staining for CamKII. Fluoresence was averaged in the CA1, 

CA33 and dentate cellbody layers, in a band here schematically represented by the dotted rectangles. D. Averaged 

(+SEM)) fluorescent CamKII labelling (determined as described in the Methods section) in the CAI, CA3 and 

suprapyramidall  blade of the dentate gyrus (DG) for ADX (open bars; n=6) and SHAM operated rats (grey bars; 

n=7). . 
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Tablee 1. Relative expression of candidate genes in dentate granule neurons 2 days after ADX (n=13) and 3 days 

afterr ADX (n=10) compared to the pooled control sham cells (n=21). In most cases expression of candidate genes 

wass related to expression of CamKII (xlOO) that acted as internal control. Data represent mean  SEM. All data 

weree first subjected to non-parametric (Kruskal Wallis) analysis of variance. If this test indicated that groups 

differencedd from each other (p<0.05), posthoc multiple comparisons of means was performed. Significant 

differencess (p<0.05) between one of the ADX groups and the sham control group is indicated by *; statistical 

differencess between the two ADX groups is indicated by s. In this table, the membrane capacitance (in pF) and 

maximall  calcium current amplitude (in nA) recorded before RNA collection are also included. Numbers in 

parenthesess in the sham group indicate the p-values obtained in the comparison between the 2 and 3 days sham 

groups.. With the exception of NT3/CamKII expression, no significant differences were observed between the 2 and 

33 days sham groups. 

Capacitance e 

Calciumm current 

Bcl2/Bax x 

Bcl2/Caspase e 

EGF/CamKII I 

BDNF/CamKII I 

TrkB/CamKIl l 

NT3/CamKlI I 

TrkC/CamKII I 

FGFl/CamKII I 

FGF2/CamKII I 

AKT/CamKIl l 

PIN/CamKII I 

NN chimearin/CamKII 

PTD/CamKII I 

cf6/CamKII I 

FKBP12/CamKII I 

SOD/CamKII I 

sham m 

n=21 1 

) ) 

1.5+0.2(0.15) ) 

7.8+2.33 (0.27) 

7.7+1.6(0.17) ) 

111.8+8.4(0.71) ) 

2.6+1.2(0.79) ) 

1.7+0.5(0.95) ) 

66 (0.03) 

2.2+1.0(0.06) ) 

) ) 

) ) 

2.11 7 (0.69) 

) ) 

4.311.4(0.21) ) 

) ) 

1.1+0.5(0.24) ) 

0.8+0.33 (0.30) 

) ) 

22 days post-ADX 

n=13 3 

19.711.5 5 

2.410.3* * 

11.213.3 3 

10.912.8 8 

156.1116.9* * 

0.310.2 2 

1.810.8 8 

1.510.8 8 

1.911.4 4 

5.911.6 6 

2.610.9 9 

4.511.9 9 

0.910.6 6 

2.810.8 8 

7.012.5 5 

7.312.7* * 

2.211.0 0 

2.7+1.3 3 

33 days post-ADX 

n=10 0 

16.6+2.3 3 

1.210.3* * 

$ $ 

18.7+6.1 1 

106.216.0$ $ 

2.311.3 3 

0.910.7 7 

1.111.1 1 

3.312.7 7 

3.913.4 4 

0.210.2 2 

0.610.3 3 

2.211.3 3 

10.515.0 0 

5.512.5 5 

2.811.8 8 

2.0+1.1 1 

3.511.8 8 
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Byy averaging the data per group, the added value of obtaining multiple gene 
expressionn profiles combined with physiological characteristics for each individual cell is 
lost.. This is particularly inappropriate for the 2 days post-ADX group which consists of a 
mixturee of apoptosis-prone and -resistant cells which were hypothesized to display different 
expressionn profiles. As a first approach to distinguish between these cells we correlated Ca-
currentt amplitude -a known riskfactor for apoptosis in DG (Karst and Joels, 2001)- with 
expressionn of the various transcripts in all ADX cells. Figure 2A shows that Ca-current 
correlatedd positively with membrane capacitance and cf6/CamKII expression, while an 
almostt significant (p=0.08) inverse relation was found with Bcl2/Bax mRNA expression. 
Nonee of the other expression ratios correlated with Ca-current amplitude. We next applied a 
moree potent cluster analysis (Eisen et al., 1998), in which both physiological properties and 
thee entire expression profile of each cell is taken into account. The assumption was that most 
33 days post-ADX cells wil l show up in one cluster -i.e. exhibit a comparable overall gene 
expressionn profile- together with those 2 days post-ADX cells that are predestined to survive. 
Thiss indeed appeared to be the case (figure 2B). Thus, 90% of the 3 days post-ADX cells 
clusteredd together with 33% of the 2 days post-ADX cells (cluster#l). The other cluster (#2) 
wass dominated by 2 days post-ADX cells and contained only 10% of the 3 days post-ADX 
cells.. This pattern was consistently seen, regardless of variation in the clustering parameters 
(e.g.. log transformation, center around the mean). Interestingly, two cells obtained from a 
singlee animal sometimes ended up in different clusters (e.g. animal 10/12 and 8/1), 
indicatingg that the clustering was based on differences between individual cells rather than 
animals.. Cells in the pooled 2 and 3 days sham groups were divided over 3 clusters which 
didd not show an apparent prevalence for either 2 or 3 days sham cells (data not shown). Al l 
inn all, this indicates that individual DG neurons respond to corticosterone depletion with 
diversee gene expression patterns, as early as 2 days after ADX. 

Byy triggering a pattern as seen in nearly all 3 days and part of the 2 days post-ADX 
cells,, neurons may increase their chance of survival. These cells have small Ca-currents, 
reducingg their susceptibility to apoptotic death (Karst and Joels, 2001). The high Bcl2/Bax 
levelss fit with the protective role described in other models for apoptosis (Hughes et al., 
1999),, although the changes in relative FGF2 and EGF expression are less compatible with 
apoptosis-resistancee (Mahanthappa and Schwarting, 1993; Lowenstein and Arsenault, 1996). 
Thee large membrane capacitance in part of the 2 days post-ADX cells, correlating with large 
Ca-influx,, suggests that these cells have an elaborate dendritic trees, a feature seen in DG 
cellss facing the molecular layer i.e. 'old' cells (Wossink et al., 2001). Indeed, histological 
findingss (Cameron and Gould, 1996) support that 'old' rather than young DG cells are at risk 
forr apoptosis. 

Inn conclusion, we here show that individual DG neurons display very diverse gene 
expressionn profiles after corticosterone depletion, possibly depending on their age. The 
observedd changes were quite specific: Only few transcripts were changed on average after 2 
orr 3 days post-ADX or were a distinguishing factor in cluster analysis. By correlating a 
knownn physiological riskfactor for apoptosis (Ca) with expression data of individual cells, it 
wass possible to designate some of these changes in transcripts as potentially beneficial or 
endangeringg for apoptosis. This specificity and designation is particularly interesting when 
examiningg candidate genes earlier identified by large scale gene screening methods like 
SAGE,, which require considerable amounts of (heterogeneous) tissue. Of the presently 
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testedd candidate genes, only cf6 was differently expressed after ADX and found to be a 
potentiall  riskfactor. Other SAGE-identified genes may have been differentially expressed in 
fullyy apoptotic cells (not sampled here), glial cells, interneurons, or principal cells in other 
hippocampall  subfields. While the present approach helps to narrow down candidate genes 
involvedd in apoptosis susceptibility, their critical role needs to be confirmed in follow-up 
studiess establishing the functional consequences of over-expressing genes of interest for cell 
survivall  or death after ADX. 
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Figuree 2. Gene expression and physiological properties in single cells. A. Ca-current amplitude in single ADX DG 

cellss is significantly (p<0.05) and positively correlated (Pearson linear regression) with membrane capacitance 

(Al )) and cf6/CamKII RNA expression (A2). An almost significant (p=0.07) negative correlation was observed 

withh Bcl2/Bax expression (A3). No correlation (in all cases p>0.2) was observed with respect to other transcript 

expressionn levels, as shown for an example (EGF/CamKII) in A4. B. Cluster analysis based on gene expression 

profiless of 2 and 3 days post-ADX cells. On top, each cell is identified by the experimental day, cell number (in 

parenthesis)) and the delay after ADX (i.e. 2 or 3 days=D). Cluster #2 contains -67% of the 2 days and 10% of the 3 

dayss post-ADX cells, while the opposite is true for cluster#l. Red and green squares represent relatively high and 

loww expression levels respectively. Gray square represents missing value. 

Referencess are in the back of this thesis 
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