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Fig. 20. Confocal microscopy of serotonin receptor expression. A. Precursor cells in culture (Nestin,
green) show an intense 5-HT1a receptor expression, Scale bar 10 µm. B-D. Serotonin receptor expression in vivo
in the adult dentate gyrus. 5-HT1a receptor (B, blue) is expressed in neurons both in the hilus and granule cell
layer and shows an overlap with DCX-EGFP-expressing cells (B, green, arrow, Scale bar 150 µm). C. 5-HT2a
receptor expression in the adult mouse dentate gyrus revealed a dense fiber staining in the hilus, whereas 5-HT2c
receptors are expressed in the granule cell layer (D, blue).

B
CD



4 Results

59

4.5 Fluoxetine has no effect on cell proliferation but increases survival of BrdU-
positive cells

Fluoxetine promotes serotonergic neurotransmission by reuptake inhibition of serotonin

into presynaptic neurons (Lesch et al. 1993; Emslie et al. 2002). Fluoxetine also exerts an

inducing effect on adult hippocampal neurogenesis (Malberg and Duman 2003; Santarelli et

al. 2003; Czeh et al. 2007). Here, serotonergic effects on adult hippocampal neurogenesis

were dissected in more detail. In the first experimental paradigm the influence of the

antidepressant fluoxetine on precursor cell proliferation in the subgranular zone was

investigated. Animals received a single injection of the drug followed by one injection of

BrdU 24 hours later, and were then killed after another 2 hours. The results show no acute

effect of fluoxetine on cell proliferation (Fig. 21 A). After 1 day, immunohistochemistry

revealed that 749±79 cells in the drug treated group were BrdU-positive versus 760±95 for

the control group (ANOVA, F (1.8)=0.011; p=0.9180). In the second experimental paradigm

the effect on precursor cell survival was investigated by a single injection of BrdU followed

by only one injection of fluoxetine 24 hours later, followed by NaCl for 20 days. Here as well

no difference in the number of BrdU-positive cells was observed (Fig. 21 B; 178±90 cells in

the experimental group vs. 185±114 cells in the Ctr-group (ANOVA, F (1.10)=0.014;

p=0.9086).

In the third experiment the influence of fluoxetine on precursor cell survival was

investigated by giving BrdU 1 day before initiation of fluoxetine treatment for a period of 21

days. The number of BrdU-positive cells was significantly increased by 42 % after 21 days of

fluoxetine administration relative to the control group (Fig. 21 B). BrdU-

immunohistochemistry revealed that 322±94 cells in the drug treated group had incorporated

BrdU versus 185±114 cells in control (ANOVA, F (1.10)=5.122; p=0.0471). Fluoxetine needs

to be administrated for more than one day to influence neurogenesis; that is in line with

previous investigations by Malberg and Santarelli (Malberg et al. 2000; Santarelli et al. 2003).

In contrast to our findings, they described that treatment effects can only be seen after a time

interval and that in fact, suspending the treatment is required for the action of antidepressant.

Here, however, the data present that already one day after a chronic fluoxetine treatment for

21 days the drug has a survival effect on newly generated neurons. Compelling evidence

shows that a treatment suspending is not required.
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Differentiation profile

Next, the phenotype of BrdU-positive cells in the subgranular zone of the dentate gyrus

after chronic administration of fluoxetine was determined by immunofluorescence. Sections

from the third experimental paradigm (precursor cell survival) were stained with the neuronal

marker NeuN and the astroglial marker S100�. Confocal analysis indicated that fluoxetine

treatment for 21 days did not effect precursor cell differentiation into either neurons or glia

cells (Fig. 21 C). BrdU/NeuN co-labeling based on an analysis of 100 cells randomly selected

BrdU-positive cells revealed (in %) 81.8%±8.1% in Ctr-animals vs. 84%±10% in the Flx-

group (ANOVA, F (1.10)=0.088; p=0.7728); and for BrdU/S100� co-expression (%):

5.4%±3% versus 3.1%±1.6% of these cells (ANOVA, F (1.10)=0.477; p=0.5056). In addition,

calculations based on the absolute number of new neurons per dentate gyrus (BrdU+/NeuN-

positive cells) showed a slightly increase in the Flx-treated animal group: 147±97 vs.

279±110 cells (ANOVA, F (1.10)=4.784; p=0.0536), whereas no change in the number of

BrdU+/S100�-positive new astrocytes was observed: 10±5 vs. 8±4 cells (ANOVA, F

(1.10)=0.086; p=0.7748). Thus, the primary result of chronic fluoxetine administration over

21 days was a net increase in the number of newly generated neurons.

Immunohistochemistry for BrdU and the calcium binding protein Calretinin, which is

expressed in immature postmitotic granule cells revealed a significant decrease in the

percentage of BrdU+/CR-positive cells in all BrdU-positive cells in the fluoxetine treated

group (Fig. 21 D). Surprisingly, significantly fewer newly generated cells expressed

Calretinin after 21 days of chronic antidepressant administration: Flx-group 32.6%±4.8%

versus Ctr-group 49.0%±8.3%, ANOVA, F (1.10)=17.523, p=0.0019). However, the absolute

number of BrdU/CR-expressing cells (Fig. 21 D´) is not significantly reduced in the Flx-

group due to the increased total number of BrdU-positive cells in the dentate gyrus: 106±15

cells vs. Ctr-group 87±20 cells (ANOVA, F (1.10)=0.534; p=0.4819). There is a similar effect

on the population of BrdU-positive cells chronic that do not show co-expression with the

other markers investigated: the percentage of BrdU-positive cells in the Flx-treated group was

significantly increased: 66.5%±4.7% versus Ctr-group 48.2%±5% (ANOVA, F

(1.10)=43.151; p<0.0001). I also calculated the absolute number of BrdU-positive cells in the

dentate gyrus that fall into this category: Flx-group 214±62 vs. Ctr-group 90±60 cells

(ANOVA, F (1.10)=12.341; p=0.0056). These results might suggest that Flx treatment might

accelerate neuronal development through the Calretinin stage.
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Fig. 21. Effects of acute and chronic fluoxetine (Flx) treatment on precursor cells proliferation and
differentiation in the subgranular zone. A. As compared to control (Ctr NaCl), no changes in the number of
proliferating cells are observed after 1 day of fluoxetine treatment. B. The number of BrdU-positive cells was
significantly increased after one single injection of BrdU followed by 21 days of chronic fluoxetine
administration, whereas only one single injection of Flx followed by 20 days of saline had no effect on
neurogenesis. Data are presented as numbers of BrdU-positive cells per dentate gyrus, means±SD. C, C´.
Chronic fluoxetine administration for 21 days increases neurogenesis indicated by a higher number of surviving
neurons. D. Surprisingly, significant fewer newly generated cells expressed Calretinin after 21 days of Flx
administration, which let rised the population of BrdU-only cells in a corresponding effect (D, D´). Data present
the phenotype of BrdU-positive cells per dentate gyrus by percentage and absolute number, means±SD.
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The next chapter shows the results of serotonin receptor stimulation in adult hippocampal

neurogenesis. Pharmacological specific agonists and antagonists for the 5-HT1a and 5-HT2

receptors were used to dissect the interplay of these various receptors in the regulation of

adult hippocampal neurogenesis.

4.6 Serotonin differentially influences adult hippocampal neurogenesis via various
receptor subtypes

4.6.1 Chronic 5-HT1a receptor blockade decreases the survival of BrdU-labeled
cells

The actions of fluoxetine are ascribed to increased serotonin levels in the synaptic cleft by

reuptake inhibition (Lesch et al. 1993). The effects of serotonin are subserved through various

membrane-bound receptors. The 5-HT1a receptor subtype is a major mediator of serotonin

action in the hippocampus.

5-HT1a receptor agonist treatment

8-OH DPAT is a specific 5-HT1a receptor subtype agonist. Proliferating cells in the 8-OH

DPAT treated group formed more clusters in the subgranular zone as compared to control

animals (Fig. 22).

Fig. 22. BrdU-labeled cells in the subgranular zone shown by peroxidase immunostaining. As
compared with the Ctr-group (A), an increase in the number of BrdU-positive cells was observed after one day
treatment with the 5-HT1a receptor agonist 8-OH DPAT (B). Proliferating cells in the agonist treated group form
clusters of more than 2 cells; Scale bar 120 µm.
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Acute activation of 5-HT1a receptors by a single injection of the agonist followed by

BrdU 2 hours later significantly increased precursor cell proliferation after one day by more

than 50% (Fig. 23 A). As compared to control animals the total number of BrdU-positive cells

per dentate gyrus (1052±106) was markedly increased to 1627±279 cells in agonist treated

animals (ANOVA, F (1.7)=14.925; p=0.0062).

In the chronic setting, where BrdU was injected 8 hours before initiation of 8-OH DPAT

treatment for a period of 7 days, BrdU-positive cells were primarily located in the granular

cell layer, whereas some cells had already migrated into the mid granular cell layer. After one

week about 65% of the proliferating cell population survived in the adult dentate gyrus, which

is in line with previously reported numbers (Gould 1999; Steiner et al. 2004). Chronic 5-

HT1a agonist administrations over 7 days showed no difference in the number of dividing

cells within the two groups (Fig. 23 B). BrdU-immunohistochemistry revealed 833±208 cells

in the drug treated group versus 679±122 cells for the Ctr-group (ANOVA, F (1.9)=2.127;

p=0.1787).

Further phenotypic analysis using confocal microscopy indicated that 5-HT1a receptor

agonist treatment caused no effect on the differentiation of BrdU-positive cells into neurons

or glia as assessed by co-expression of DCX (68.4%±7.4% versus Ctr-group 72.5%±7.6%) or

GFAP (2.9%±3.1% versus Ctr-group 4.2%±4.0%), NeuN (83.7%±5.2% versus Ctr-group

83.9%±4.9%) or S100� (1.7%±1.1% versus Ctr-group 2.0%±1.0%) (Fig. 23 C-D). However,

in addition, calculations based on the absolute BrdU number showed a significant increase of

BrdU+/DCX-positive cells due to the increased total number of proliferating cells (Fig. 23 E;

1104±172 vs. Ctr-group 763±116 cells, ANOVA, F (1.7)=11.346; p=0.0119). This result

suggests a net increase in proliferating type-2b and type-3 cells after acute 5-HT1a receptor

stimulation.

5-HT1a receptor antagonist treatment

In contrast, acute 5-HT1a receptor blockade using WAY100135 caused no change in cell

proliferation, but decreased the survival of BrdU-labeled cells (Fig. 23 A, B). The number of

BrdU-positive cells in WAY100135-injected animals was similar compared to control

animals after one day (1207±120 versus 1052±106, ANOVA, F (1.7)=4.665; p =0.0676; a

single BrdU-injection was given 2 hours after one injection of the antagonist; animals were

killed 24 hours later). The number of BrdU-labeled cells was significantly decreased to
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480±55 cells (Ctr: 679±122) in animals that received the 5-HT1a receptor antagonist for 7

days (ANOVA, F (1.11)=16.544; p=0.0019; a single BrdU-injection was given 8 hours before

initiation of WAY100135 for a period of 7 days).

To examine whether this affected only the total number of surviving cells or also caused a

shift in the balance of neurons or glial cells were generated the brain slices after 7 days of

treatment were triple-labeled with BrdU, the neuronal marker NeuN, and the astroglial marker

S100�. Confocal analysis was used to determine the phenotype of newly generated cells.

83.9%±4.9% of BrdU-positive cells in the Ctr-group were co-labeled with NeuN after 7 days

as compared to WAY100135-treated animals (86.6%±5.5%; ANOVA, F (1.10)=0.730;

p=0.4129). However, calculations based on the absolute number revealed a significant higher

amount of BrdU+/NeuN-positive cells for the Ctr-group: 572±124 vs. 404±51 cells (ANOVA,

F (1.10)=10.757; p=0.0083), which can be again explained by the higher total number of

surviving cells in Ctr-animals. No significant changes either in the percentage nor in the

absolute number of BrdU+/S100�-positive cells were observed (1.5%±1.5% vs. Ctr-group

2.0%±1.0%, absolute number 7±7.2 vs. 15±10 cells). As well as for the stimulation

experiment with 8-OH DPAT, 5-HT1a receptor blockade caused a net shift in the number of

cells produced, in fact less neurogenesis occurs.

Taken together, while acute receptor stimulation with 5-HT1a receptor agonist 8-OH

DPAT resulted in an increase of the population of proliferating precursor cells, and chronic

treatment showed no differences, acute pharmacological blockade of 5-HT1a receptors with

WAY100135 showed no significant change, whereas chronic administration of the antagonist

significantly reduced the survival of BrdU-positive cells in the dentate gyrus after 7 days.

To summarize these data so far, chronic fluoxetine administration for a period of 21 days

increased adult hippocampal neurogenesis. Acute 5HT1a receptor stimulation also increased

the population of proliferating precursor cells whereas blocking of 5-HT1a receptors caused

significantly reduced survival of BrdU-positive cells in the dentate gyrus after 7 days of

antagonist treatment. The time-latency required for antidepressant action on the precursor

cells might thus be either a result of presynaptic (serotonergic neurons in the raphe nuclei)

versus postsynaptic (hilar interneurons) effects (feedback inhibition), or due to the time

course of cell differentiation associated with different receptor expression in the dentate

gyrus.
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Fig. 23. Bar graphs showing the effect of 5-HT1a agonist and antagonist treatment on cell
proliferation and differentiation in the adult dentate gyrus. A. Acute treatment with the 5-HT1a agonist 8-
OH DPAT produced a significant increase in cell proliferation in vivo after one day by more than 50% whereas
chronic stimulation for a period of 7 days showed no significant difference. B. Acute 5-HT1a receptor blockade
with WAY100135 caused no change in cell proliferation after one day but decreased the survival of BrdU-
positive cells after 7 days of administration; data are presented as numbers of BrdU-positive cells per dentate
gyrus, means±SD. C-F. Confocal analysis of the differentiation profile revealed a net increase in the number of
BrdU/DCX-expressing cells after acute stimulation, whereas chronic 5-HT1a receptor blockade over 7 days
caused less neurogenesis. Data present the phenotype of BrdU-positive cells per dentate gyrus by percentage and
absolute numbers, means±SD.



4 Results

66

4.6.2 The 5-HT2 receptor family regulates adult neurogenesis in the opposite way

The second important receptor complex in the brain is the 5-HT2 receptor family.

Cinanserin as a widely used drug blocks the entire 5-HT2 receptor family, whereas the

agonist �-Methyl-5-HT-maneate activates it. For further experiments, the selective 5-HT2c

receptor subtype agonist WAY161503 was used.

5-HT2 receptor antagonist treatment

Surprisingly, acute inactivation of 5-HT2 receptors with one single injection of

Cinanserin resulted in significantly more BrdU-positive cells in the adult dentate gyrus as

compared to the control group. This is in contrast to the results for 5-HT1a receptors, where

agonist activation significantly increased the proliferation of BrdU-positive cells. The number

of proliferating cells after one day of a single 5-HT2 receptor antagonist injection followed by

BrdU 2 hours later (1043±147) was significantly increased by roughly 48% (1593±319 cells,

Fig. 24 A; ANOVA, F (1.13)=15.367; p=0.0018). There was no difference in the number of

BrdU-positive cells in the survival paradigm where BrdU was given 8 hours before initiation

of the 5-HT2 receptor antagonist for a period of 7 days (Fig. 24 B; 975±214 versus Ctr-group

973±248; ANOVA, F (1.16)=3.757E-4; p=0.9848).

Differentiation profile after 5-HT2 receptor antagonist treatment

Further phenotypic analysis indicated that 7 days of Cinanserin treatment caused no effect

(by percentage) on the differentiation of BrdU-positive cells into neurons or glia as assessed

by co-expression of NeuN (Fig. 24 D; 76.9%±5.6% vs. Ctr-group 82.8%±9.9%, ANOVA, F

(1.7)=2.382; p=0.1666) or S100� (10%±4.9% vs. Ctr-group 4.3%±3%, ANOVA, F

(1.7)=4.575; p=0.0698). However, in addition, calculations based on the absolute BrdU

number showed a significant decrease of BrdU+/S100�-positive cells due to the decreased

total number of BrdU-labeled cells (Fig. 24 F, ANOVA, F (1.6)=6.626; p=0.0421).
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Fig. 24. Effects of 5-HT2 receptor blockade on precursor cell proliferation and differentiation in the
adult dentate gyrus. A-B. As compared to control, a surprisingly large increase by 48% in the number of
proliferating cells in Cinanserin treated mice after 1 day of BrdU was observed. Chronic blockade for a period of
7 days caused no significant difference. Data are presented as numbers of BrdU-positive cells per dentate gyrus,
means±SD. C-F. Confocal analysis revealed no differences in the differentiation profile by co-expression of
BrdU/NeuN (D, F), but a net decrease in the number of surviving astrocytes (F). Surprisingly, the number of
BrdU-positive cells co-expressing DCX was decreased in the drug treated group after one single BrdU injection
followed by 7 days of Cinanserin, which let raise significantly the population of BrdU-only cells. Data present
the phenotype of BrdU-positive cells per dentate gyrus by percentage and absolute numbers, means±SD.
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Further phenotypic analysis using confocal microscopy indicated that acute 5-HT2

receptor blockade for one day with one single injection of Cinanserin had stimulatory effects

on subpopulations of precursor cells in the dentate gyrus. Surprisingly, the number of BrdU-

positive cells (by percentage) co-expressing DCX was significantly decreased in the

experimental group from 68.5%±8.9% (Ctr-group) to 56.1%±9.4% (Fig. 24 C; ANOVA, F

(1.12)=6.065; p=0.0299). However, calculations based on the absolute number, revealed a

little increase in the population of BrdU+/DCX-positive cells due to the significant higher

total number of proliferating cells in the Cinanserin-treated group (900±256 cells compared to

715±100 cells; Fig. 24 E). The shift in the BrdU/DCX-population by percentage was reflected

in the size of the BrdU-only cell population: 38.6%±12% vs. Ctr-group 25.4%±10%,

ANOVA F(1.12)=4.181, p=0.0634. In addition, the absolute number of BrdU-only cells

indicated significantly more BrdU-positive cells for the experimental group: 626±245 vs. Ctr-

group 267±115 cells, ANOVA F (1.12)=10.923; p=0.0063; Fig. 24 E. The number of

proliferating astrocytes after one day of a single injection of Cinanserin and BrdU showed no

differences between the groups and thus does not compensate the smaller number of

BrdU/DCX-expressing cells (BrdU/GFAP, ANOVA, F (1.12)=0.226; p=0.6427).

In summary, acute inactivation of 5-HT2 receptors increased the number of proliferating

precursor cells, but slowed neuronal lineage commitment.

In the line with Palmer and Fabel who mentioned a correlation of precursor cell and

endothelial cell proliferation (Palmer 2002; Fabel et al. 2003), in the following step the

endothelial marker Glut1 was used to estimate the number of proliferating endothelial cells in

relation to the drug treatment. Surprisingly, significant fewer endothelial cells were

proliferating in the antagonist treated animal group (Fig. 25). In fact, blockade of 5-HT2

receptors revealed an acute effect on precursor cells and endothelial cells. The significant

lower number of proliferating Glut1-positive cells (4.9%±2.7%) for the experimental group

vs. 11.8%±3.8% in the Ctr-group (ANOVA, F (1.12)=11.151; p=0.0102) might correlate with

the decreased number of DCX-positive cells and vice versa (Fig. 25 A).

Surprisingly, an increase in the BrdU/DCX-population by roughly 40% up to 90.2% after

7 days of drug treatment was observed (Fig. 25 B). However, the number of proliferating

endothelial cells remained relatively constant in drug treated animals, but significantly

decreased by approximately 80% to 2.4% in control animals. The survival of Glut1-positive
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cells after 7 days of Cinanserin treatment might lead to an increased survival of neurons. The

results suggest a yet unidentified role of serotonin regulation of endothelial cell biology that

impinges on precursor cell behavior.

Fig. 25. Acute 5-HT2 receptor blockade caused an effect on precursor cells and endothelial cells in
the dentate gyrus. A. Significantly fewer BrdU/DCX-expressing cells as well as endothelial cells were
proliferating after one day of Cinanserin treatment. B. After seven days the population of BrdU+/DCX-positive
cells in the drug treated group increased by roughly 40%, simultaneously the number of proliferating
BrdU/Glut1-expressing cells remained constant. Data present the phenotype of BrdU-positive cells per dentate
gyrus by percentage, means±SD.

5-HT2 receptor agonist administration

In contrast, acute as well as chronic activation of the entire 5-HT2 receptor family

significantly decreased the number of BrdU-positive cells in the subgranular zone (Fig. 26 A-

B). Animals treated once with the 5-HT2 receptor agonist �-Methyl-5-HT-maneate followed

by BrdU 2 hours later revealed roughly 47% less proliferating cells after one day of BrdU

(542±165 versus Ctr-group 1017±250 cells, ANOVA, F (1.10)=14.982; p=0.0031). Chronic

agonist administration (after one single BrdU injection) for a period of 7 days showed the

same proportion, almost only the half of BrdU-positive cells survived in the drug treated

animal group (Ctr-group 911±114 to 488±170 cells (ANOVA, F (1.8)=21.211 p=0.0017).
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Fig. 26. Effects of acute and chronic 5-HT2 receptor stimulation on proliferating precursor cells in
the adult dentate gyrus. A. In contrast to 5-HT2 receptor blockade, acute stimulation with �-Methyl-5-HT-
maleate for one day and chronic stimulation over 7 days (B) significantly decreases the number of BrdU-positive
cells in the subgranular zone by roughly 47%. Data are presented as numbers of BrdU-positive cells per dentate
gyrus, means±SD.

Differentiation profile after 5-HT2 receptor agonist administration

Further phenotypic analysis using confocal microscopy indicated that acute stimulation of

5-HT2 receptors caused an effect on a subpopulation of precursor cells in the adult dentate

gyrus. Calculations based on the percentage showed a significant increase in the number of

type-2b cells (Fig. 27 A). The population of these proliferating transiently amplifying

progenitor cells that co-expresses nestin-GFP and DCX raised from 18.3%±5% (Ctr-group) to

27.3%±8.4% in the agonist treated animal group (ANOVA, F (1.10)=5.161; p=0.0464). The

percentage of BrdU+/DCX-positive cells (type-3 and early postmitotic immature neurons)

was pretty evenly between the groups (Ctr-group 37.0%±8% vs. 39.5%±8,4%) whereas the

number of BrdU/nestin-GFP-positive cells was slightly decreased from 20.6%±7.2% in

control to 14.8%±7.5% (Fig. 27 A). However, in addition, calculations based on the absolute

number showed no differences in the population of type-3 cells and early postmitotic neurons

(Ctr-group 183±55 vs. 142±51 cells), but a significant decrease in the number of

BrdU+/nestin-GFP-positive cells as well as BrdU+/nestin-GFP+/DCX-positive cells in drug-

treated animals due to less proliferating cells in total (Fig. 27 C; BrdU/DCX: Ctr-group

377±123 vs. 213±81 cells, ANOVA, F (1.10)=7.484; p=0.0210; BrdU/nestin-GFP Ctr-group

209±87 vs. 88±55 cells, ANOVA, F(1.10)=8.274; p=0.0165).
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Further analysis after 7 days revealed a slightly decrease in the number of newly

generated neurons co-expressing BrdU/NeuN in agonist-treated animals (Fig. 27 B; Ctr-group

86.2%±7.3% vs. 80.9%±4.5%); no difference for BrdU/S100�-co-expression was observed

(Ctr-group 2.4%±2% vs. 2.5%±2.9%). Calculations based on the absolute number showed a

significant decrease of BrdU/NeuN-positive cells in the 5-HT2 receptor agonist-treated group

as compared to the Ctr-group (from 787±126 to 371±145 cells in control) due to a smaller

total number of proliferating cells (Fig. 27 D; ANOVA, F (1.7)=21.167; p=0.0025).

Taken together, acute as well as chronic 5-HT2 receptor activation influences adult

neurogenesis via an effect on type-2b progenitor cells.

Fig. 27. Bar graphs showing the result of confocal analyzing of precursor cell differentiation after
acute and chronic stimulation of 5-HT2 receptors. A-B. One day after a single injection of �-Methyl-5-HT-
maleate and BrdU the population of type-2b cells increases (A), whereas no differences in the differentiation
profile were observed after 7 days of drug treatment co-expressing BrdU/NeuN or BrdU/S100� (�). C-D.
Calculations based on the absolute number show a significant effect on BrdU/nestin-GFP-expressing cells and
type-2b cells (C), as well as a net decrease in the number of newly generated neurons (D). Data present the
phenotype of BrdU-positive cells per dentate gyrus by percentage and absolute numbers, means±SD.
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5-HT2c receptor subtype stimulation

For further experiments, the selective 5-HT2c receptor agonist WAY161503 was used to

get more and detailed information about the 5-HT2 receptor family action. Surprisingly, acute

activation of 5-HT2c receptors by a single injection of the agonist followed by BrdU 2 hours

later significantly decreased the number of BrdU-positive cells in the adult dentate gyrus after

one day, but not as much as in the previous experiment (Fig. 28 A). The amount of

proliferating cells declined from 1129±169 (Ctr-group) to 864±161 cells in the experimental

group (ANOVA, F (1.7)=5.715; p=0.0481).

Agonist treatment after one single BrdU injection for a period of 7 days showed no

significant difference between the groups (Fig. 28 B). In control animals the total number of

BrdU-positive cells per dentate gyrus was 911±114, decreased to 813±314 cells in agonist

treated animals (ANOVA, F (1.7)=0.433), p=0.5314). But here, statistical analysis revealed a

high variance.

Fig. 28. Absolute number of BrdU-positive cells in the dentate gyrus after acute and chronic
stimulation of 5-HT2c receptor subtypes. A. Acute activation by a single injection of WAY161503 and BrdU
significantly decreases the number of proliferating cells after one day. B. In contrast to the action of �-Methyl-5-
HT-maleate on precursor cells, a seven-day treatment with the selective 5-HT2c receptor agonist does not effect
the survival of newly born cells. Data are presented as numbers of BrdU-positive cells per dentate gyrus,
means±SD.
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Differentiation profile after 5-HT2c receptor agonist treatment

Interestingly, further phenotypic analysis after acute activation of 5-HT2c receptor

subtypes also showed an effect on the DCX cell population. In the experimental group the

number of type-3 cells (BrdU+/DCX+/nestin-GFP-negative) and early postmitotic immature

neurons significantly increased from 29.7%±3% in the Ctr-group to 51.6%±9% (Fig. 29 A;

ANOVA, F (1.6)=19.054; p=0.0047). Simultaneously, the amount of proliferating nestin-

GFP-positive cells (type-1, type-2a) is decreased by more than 40% from 29.2%±1.4 to

16.5%±9.7% in the experimental group (ANOVA, F (1.6)=6.676, p=0.0416). In addition,

calculations based on the absolute number (Fig. 29 C) indicated even less BrdU+/nestin-GFP-

positive cells (328±42 to 133±74 cells, ANOVA, F (1.6)=20.770, p=0.0039). The absolute

number of type-3 cells and early postmitotic immature neurons instead revealed no difference

between the groups (Ctr-group 336±75 vs. 435±129 cells). Both, calculations by percentage

as well as based on the absolute number of triple-labeled cells (type-2b) showed no

differences (Ctr-group 16.5%±5% or 180±76 cells vs. 17.0%±3.4% or 135±33).

In summary, acute stimulation of 5-HT2c receptor subtypes effected more advanced

stages of neurogenesis in comparison with the activation of 5-HT1a receptors and the entire

5-HT2 receptor family. Here, in addition, the effect of stimulation of the 5-HT2a receptor

subtype needs to be investigated.

After 7 days of chronic treatment with WAY161503 (BrdU was given once before drug

initiation) no differences in the phenotypes of BrdU-positive cells were observed between the

groups co-expressing BrdU/NeuN (Fig. 29 B, D; Ctr-group 86.2%±7.3% vs. 82.2%±1.5%,

absolute number 787±126 vs. 668±174 cells) and BrdU/S100� (Ctr-group 2.4%±2.0% vs.

2.9%±2.8%, Fig. 29 B).
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Fig. 29. Bar graphs showing the result of confocal analyzing of precursor cell differentiation after
acute and chronic stimulation of 5-HT2c receptor subtypes. A, C. One day after a single injection of
WAY161503 and BrdU the population of type-3 cells and early postmitotic immature neurons increases,
simultaneously the population of BrdU/nestin-GFP-expressing cells gets smaller. B, D. No differences in the
differentiation profile of precursor cells were observed after BrdU and 7 days of drug administration co-
expressing BrdU/NeuN or BrdU/S100�. Data present the phenotype of BrdU-positive cells per dentate gyrus by
percentage and absolute numbers, means±SD.

4.6.3 5-HT2 receptor and 5-HT2c receptor subtype stimulation affects early
postmitotic immature neurons

Furthermore, confocal analysis of both chronic stimulation of the entire 5-HT2 receptor

family as well as of 5-HT2c receptor subtypes for a period of 7 days showed an effect on

type-3 cells and early postmitotic immature neurons in the adult dentate gyrus. Co-labeling of

BrdU/DCX with Calretinin revealed a significant increase in the number of these cells after

treatment with �-Methyl-5-HT-maleate, the 5-HT2 receptor agonist (Fig. 30 A; 72.1%±7.6%
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versus Ctr-group 62.5%±3.0%; ANOVA, F (1.7)=5.493; p=0.0516). No changes were

observed in the population of BrdU+/CR-positive cells did not express the transient marker

DCX (ANOVA, F (1.7)=2.531; p=0.1557) as well as in the population of BrdU/DCX

expressing cells (ANOVA, F (1.7)=1.314; p=0.2893). In contrast, calculations based on the

absolute number indicated that 5-HT2 receptor stimulation for a period of 7 days caused a

significant decrease in the population of triple-labeled cells (Fig. 30 A´) due to the almost half

total number of BrdU-positive cells (564±79 vs. 363±117, ANOVA, F (1.6)=8.098;

p=0.0293), and similarly for BrdU+/DCX-positive type-3 cells (73±28 vs. 27±28, ANOVA, F

(1.7)=5.987; p=0.0443) and BrdU/CR (198±50 vs. 53±24, ANOVA, F (1.6)=28.162;

p=0.0018).

Further phenotypic analysis after stimulation of 5-HT2c receptor subtypes for a period of

7 days revealed similar effects (Fig. 30 B, B´): Co-labeling with BrdU/DCX/CR showed an

increase from 62.5%±3.0% in the Ctr-group to 79.9%±10.4% in the experimental group

(ANOVA, F (1.6)=10.281; p=0.0185). Due to the increased number of triple-labeled cells, the

population of BrdU/DCX co-expressing type-3 cells was smaller in the 5-HT2c receptor

subtype agonist treated group (by percentage): Ctr-group 7.9%±2.3% vs. 1.6%±1.9%,

ANOVA, F (1.6)=18.210; p=0.0053). In addition, calculations based on the absolute number

indicated similar effects (Fig. 30 B´): The population of surviving BrdU/DCX-expressing

type-3 cells showed a significant smaller cell number in the agonist treated animals (73±28

vs. 10±12 cells, ANOVA, F (1.6)=16.773; p=0.0064). No differences have been found for the

absolute numbers of triple-labeled cells as well as BrdU+/CR-positive cells.
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Fig. 30. Chronic 5-HT2 receptor and 5-HT2c receptor subtype stimulation effects the population of
early postmitotic immature neurons in the dentate gyrus. A-B. The population of triple-labeled
BrdU/DCX/CR cells is significant higher in the hippocampus after 7 days of treatment with the 5-HT2 receptor
agonist �-Methyl-5-HT-maleate or the 5-HT2c receptor subtype agonist WAY161503. Simultaneously the
percentage of BrdU+/DCX-positive cells goes down (B). A´. Calculations based on the absolute number of
BrdU+/DCX+/CR-positive and CR-negative cells as well as BrdU/CR-expressing cells indicate a significant
decrease when animals were exposed to 5-HT2 receptor agonist treatments for 7 days. B´. 5-HT2c agonist
treated animals show a decrease in the number of BrdU/DCX-expressing type-3 cells. Data present the
phenotype of BrdU-positive cells per dentate gyrus by percentage and absolute numbers, means±SD.
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Table 6. Summary of the effects of fluoxetine and 5-HT receptor agonists and antagonists on cell
proliferation and differentiation in the SGZ of the adult dentate gyrus (�� increase/decrease in the total
number of BrdU-positive cells, �/� increase/decrease in the marker expression of BrdU-positive cells, - no
significant difference); CR, Calretinin; Ctr., control group; Exp., experimental group; DCX, doublecortin; Glut1,
endothelial marker

Treatment Effect on cell
proliferation

absolute number
of BrdU+ cells
(Ctr. vs. Exp.)

Differentiation
profile in

proliferation

Effect on cell
survival

absolute number
of BrdU+ cells
(Ctr. vs. Exp.)

Differentiation
profile in
survival

Fluoxetine 	 	 �

P=0,0471
185±114 vs.

322±94

� in the number of
BrdU+/NeuN+ cells
� in the number of
BrdU+/CR+ cells

5HT1a
8-OHDPAT
(agonist)

WAY100135
(antagonist)

�
 P=0,0062

1052±106 vs.
1627±279

	

net � in
BrdU+/DCX+

cells

	

	

�
P=0,0019
679±122 vs.

480±55

	

� in the number of
BrdU+/NeuN+ cells

5-HT2
�-Methyl
(agonist)

Cinanserin
(antagonist)

�
P=0,0031

1017±250 vs.
542±165

�
P=0,0018

1043±147 vs.
1593±319

� in the number of
type-2b cells

� in the number of
BrdU+/DCX+

cells

�
P=0,0017

911±114 vs.
488±170

	

� in the number of
BrdU+/NeuN+ cells
� in the number of
BrdU+/DCX+/CR+

cells

� Glut1
� DCX

5-HT2c
WAY161503
(agonist)

�
P=0,0481

1129±169 vs.
864±161

� in the number of
type-3 cells &

early postmitotic
immature neurons

	 � in the number of
type-3 cells,

� in the number of
BrdU+/DCX+/CR+

cells
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5 Discussion

Adult hippocampal neurogenesis is a prominent aspect of neural stem cell development.

The addition of newly generated neurons into a preexisting circuitry during adulthood

constitutes an adaptation to internal and external changes, thus might compensate structural

and functional cell loss. Thereby, the stages of cell differentiation, maturation and integration

following cell proliferation are of utmost functionally relevance. Serotonin, as an important

neurotransmitter plays a crucial role in the regulation of neurogenesis in the adult dentate

gyrus (Vaidya et al. 1997; Brezun and Daszuta 1999, 2000; Banasr et al. 2004). Furthermore,

it is an essential molecule in neuro-psychiatry (Malberg et al. 2000; Czeh et al. 2001; Holmes

et al. 2002; Santarelli et al. 2003) and learning and memory (Wolff et al. 2003; Sanberg et al.

2006). In a hypothesis-driven approach I here investigated the effects of serotonin on cellular

development of various stages of hippocampal neurogenesis by pharmacologically

modulating specific receptor subtype activity. The present findings demonstrate that serotonin

influences cell proliferation as well as differentiation in the subgranular zone. These results

suggest differential roles of 5-HT1a and 5-HT2c receptor subtypes in affecting sequential

steps in adult hippocampal neurogenesis.

5.1 5-HT1a and 5-HT2 receptors mediate an opposite effect on precursor cell
proliferation and differentiation in the adult dentate gyrus

Since serotonin provides a necessary signal contributing to adult neurogenesis, serotonin

receptors might possibly affect this diverse process. The present study demonstrates that in

adult mice, serotonin receptors are differentially expressed in the hippocampal dentate gyrus

suggesting that divergent serotonin receptors may have unique and specific function within

the dentate gyrus.

In the present study, immunohistochemistry revealed that 5-HT1a receptor are expressed

in neurons both in the hilus and subgranular zone. Here, the highly selective 5-HT1a receptor
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agonist 8-OH DPAT and the antagonist WAY100135 were used to stimulate or inhibit 5-

HT1a receptor activity. They are acting at both somatodendritic and postsynaptic 5-HT1a

receptors (Fletcher 1993; Routledge et al. 1993). WAY100135 has also been identified to

have partially agonistic affinity which is dose-dependent (Fletcher et al. 1993; Assie and

Koek 1996). Acute treatment (animals were killed 24 hours later) with 8-OH DPAT produced

a significant increase in cell proliferation in vivo by more than 50% whereas chronic

stimulation showed no significant difference. In contrast, acute 5-HT1a receptor blockade

caused no change in cell proliferation but decreased the survival of BrdU-positive cells after

chronic treatment for 7 days. The balance between activation and inhibition is consistent with

the literature (Radley and Jacobs 2002; Blier and Ward 2003; Banasr et al. 2004).

Presynaptic 5-HT1a autoreceptors are present on serotonergic neurons in the raphe nuclei

and provide a mechanism for feedback inhibition of the serotonin system (Blier 2003). It has

been shown, that activation of these receptors leads to a cell hyperpolarization and thus

decreased firing rate. Less firing rate of presynaptic receptors results in a suppression of 5-HT

release of serotonergic raphe neurons (Jolas et al. 1995) and a decreased firing rate of

postsynaptic cells. Both the literature and this study indicate that serotonergic projections

from the median raphe nucleus terminate on hilar inhibitory interneurons. If 5-HT1a receptors

exert an indirect effect on precursor cells through hilar interneurons, a decreased firing rate

leads to less inhibitory action on precursor cells (Fig. 31 A). Systemic application of 8-OH

DPAT to the dentate gyrus reduced somatic GABAergic inhibition (Sanberg et al. 2006). But,

the present study also shows 5-HT1a receptor expressions on precursor cells in the

subgranular zone suggesting a direct effect. Here, the enhanced number of BrdU- positive

cells after one day of acute administration of the selective agonist 8-OH DPAT could be

explained by less inhibitory activity of hilar interneurons on precursor cells. No effect was

seen in the survival paradigm after 7 days of 8-OH DPAT treatment But this observation

might be a dose-dependent effect.

In the present study, treatment with WAY100135 showed no acute effect on cell

proliferation but revealed less survival of BrdU-positive cells after chronic treatment for

seven days. This indicates that 5-HT1a receptors are involved in the survival of newly born

cells post proliferation. This is interesting as 5-HT1a receptors are present even in

proliferating cell in the adult dentate gyrus. The suppression of the survival of newly
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generated cells might be a postsynaptic effect mediated through 5-HT1a receptors. Chronic

blocking of 5-HT1a receptors could disinhibit neuronal circuitry in the dentate gyrus.

In contrast to the literature, I used a modified design for the experiments in the present

study. Here, for both the proliferation and survival paradigm the animals received only one

single BrdU-injection. Furthermore, the survival of BrdU-positive cells right after chronic

drug treatment for 7 days was estimated.

5-HT2 receptors are expressed on GABAergic neurons in the brain (Hoyer et al. 1986).

Since the dentate gyrus is a major efferent target of the raphe nuclei, immunohistochemistry

in the present study showed a dense presence of serotonergic fibers in the hilus stained with a

5-HT2c receptor antibody whereas 5-HT2a receptors are stained in the granule cell layer.

Both acute and chronic activation or inhibition of 5-HT2 receptors with the antagonist

Cinanserin and �-Methyl-5-HT-maleate or WAY161503 as agonists have been investigated.

Surprisingly, the present results demonstrate that acute 5-HT2 receptor blockade significantly

increases the number of BrdU-positive cells in the dentate gyrus by roughly 48%. In contrast,

both acute (24 hours) and chronic (for 7 days) stimulation of 5-HT2 receptors with the agonist

�-Methyl-5-HT-maleate produces significantly less BrdU-positive cells. A differentiated

analysis revealed that the acute effect is mediated via 5-HT2c receptor subtypes. Recent

publications indicate that WAY161503 inhibits the firing rate of serotonergic dorsal raphe

neurons by a mechanism that involves 5-HT2c receptor-mediated activation of GABAergic

neurons (Boothman et al. 2006) through increasing cellular levels of IP3 and DAG.

Serotonergic raphe afferents also establish synaptic contacts with hilar interneurons thus are

able to modulate dendritic inhibition of principle neurons in the dentate gyrus. Activation of

5-HT2 receptors on GABAergic interneurons by selective agonists is believed to result in an

increase in spontaneous GABA release. The release in turn leads to an inhibitory control of

precursor cell proliferation and differentiation in the subgranular zone. Taken together, even

though immunohistochemistry revealed a 5-HT1a receptor staining on precursor cells in the

dentate gyrus, serotonergic input from raphe nuclei might also exerted a general control over

hippocampal neurogenesis via modulation of local inhibitory neurons.
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Fig. 31. Serotonergic afferences from A. median raphe nucleus (MRN) and B. dorsal raphe nucleus
(DRN) establish synaptic contacts with GABAergic interneurons. A. Serotonergic projections terminate on
hilar interneurons, which express 5-HT1a receptors. 5-HT1a receptor stimulation decreases the firing rate of
interneurons, which exert a less inhibitory effect on precursor cells in the granule cell layer (GCL). B. Shows 5-
HT2c receptor-mediated activation of GABAergic neurons that modulate dendritic inhibition of principle
neurons in the dentate gyrus (DG). Modified from (Lie et al. 2004)

Furthermore, the present findings demonstrate that the effect of serotonin receptor

modulation is seen on sequential steps in adult neurogenesis. Here, transgenic nestin-GFP

mice and triple immunohistochemistry were used to characterize the different stages of

neuronal development. DCX and Calretinin as selective cell markers are committed to the

neuronal lineage in the adult brain. DCX expression has been connected with neuronal

migration and dendritic outgrowth, whereas Calretinin characterizes an early postmitotic step

in neuronal differentiation. The present data shows that the phase of neuronal survival is

influenced by 5-HT1a receptors. Whereas acute stimulation of this receptor subtype produces

a net increased in the BrdU/DCX-expressing cells population, blocking decreases the absolute

number of BrdU+/NeuN-positive cells. The result is an indirect effect on the survival of

newly generated neurons. Furthermore, the findings represent that the phase of neuronal

differentiation during DCX expression is regulated by 5-HT2 receptors. Acute agonist

treatment results in an increase of the type-2b cell population compare to the control group,

which leads to an increase in the number of BrdU/DCX/CR-expressing cells after 7 days of

daily administration. No differences were observed in the number of BrdU+/NeuN-positive

cells, which indicate that 5-HT2 receptors affect early postmitotic immature neurons,

characterized by transient Calretinin expression. The transgenic DCX-EGFP mouse could be
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used to analyze differences in serotonin receptor function on specifically type-2 cells in adult

neurogenesis.

Endothelial cells are an important cell type constituting a major component of the

neurogenic niche. Cell division in the subgranular zone of the adult dentate gyrus occurs in

clusters and in close proximity to blood vessels. Precursor cell proliferation is paralleled and

can be induced by proliferation of endothelial cells (Palmer et al. 2000; Fabel et al. 2003; Cao

et al. 2004). Interestingly, the results indicate a role of endothelial cells in serotonin-mediated

effects. The present findings demonstrate a correlation in the number of BrdU/DCX-

expressing cells with the amount of proliferating endothelial cells in the subgranular zone

after acute and chronic blocking of 5-HT2 receptors. Acute receptor blocking with Cinanserin

produced significant less BrdU+/DCX-positive cells as well as BrdU/Glut1-expressing

endothelial cells in these animals. Remarkably, after chronic treatment over 7 days the same

number of Glut-1-expressing cells survived leading to a 40% increase in the number of new

neurons (BrdU/DCX-expressing cell population). The results suggest an as yet unidentified

role of serotonin regulation of endothelial cell biology that impinges on precursor cell

behavior.

5.2 5-HT1a and 5-HT2 receptors are critical components in the mechanism of
fluoxetine action

Serotonin has an overall positively regulating effect on adult hippocampal neurogenesis.

Animals injected with agents neurotoxic to serotonergic input showed reduced neural

production in the adult hippocampus. Fetal serotonergic neurons grafted to the rat dentate

gyrus restored this loss of neurons (Brezun and Daszuta 1999, 2000). Regulation of

neurogenesis by serotonin could occur at several stages of differentiation, including

proliferation, differentiation, and survival. Furthermore, preclinical studies suggest that

enhanced serotonin transmission via 5-HT1a receptors is particularly important in

antidepressant response. Here, the analysis of the surviving BrdU-positive cells in the dentate

gyrus demonstrates that chronic fluoxetine treatment for a period of 21 days significantly

increased the amount of newly generated cells relative to control. This is in agreement with

several reports that used rats and have seen similar effects (Malberg et al. 2000; Santarelli et

al. 2003). Administration of the antidepressant for 1 day did not affect the number of BrdU-
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positive cells in the dentate gyrus either when the animals were killed one day nor 20 days

later. The present study indicates that continuous antidepressant treatment is necessary to let

the drug takes effect; fluoxetine needed to be administered over a chronic period of time to

observe an effect on neurogenesis. Thus, antidepressant treatment in these paradigms had no

effect on cell proliferation. Malberg in contrast, revealed a proliferating not a survival effect

after chronic antidepressant treatment (Malberg et al. 2000). They suggest that antidepressants

do not influence cell survival independently from increased cell proliferation. This

discrepancy may be a species related effect. In this study adult mice were used in contrast to

Malberg who used rats to study the effects of fluoxetine on adult neurogenesis.

Surprisingly, systemic antidepressant administration leads to a reduced number of

BrdU/CR-expressing cells in the dentate gyrus. The result might suggest that fluoxetine

enhances the speed of neuronal differentiation during maturation (early expression of NeuN),

indicated by a loss of transient Calretinin expression. Recently the group of Encinas et al.

(Encinas et al. 2006) has published that fluoxetine targets amplifying neural progenitor cells.

Here, the present study has focused in more detail on the individual neuronal developmental

steps. Although the independent role of fluoxetine in regulating Calretinin was not studied in

this work, the data might suggest that fluoxetine treatment might accelerate neuronal

development through the Calretinin stage.

A serotonin-induced increase of adult neurogenesis might promote recovery from

depression. The time delay in the onset of antidepressant action is a function of the drug

rather than the disease. The present findings might indicate a balance of fluoxetine action due

to different receptors. Acute stimulation of 5-HT1a receptors with the direct agonist 8-OH

DPAT increases precursor cell proliferation in the dentate gyrus whereas acute stimulation

with the selective 5-HT2c receptor agonist WAY161503 significantly decreases the number

of BrdU-positive cell. Here, one can conclude that fluoxetine indirectly activates the 5-HT1a

receptors via increasing serotonin levels, and suggests a negative regulation of neurogenesis

through 5-HT2 receptors. Taken together, the latency in the onset of fluoxetine action can be

explained by the interaction of 5-HT1a and 5-HT2c receptor activities. Fig. 32 A shows that

acute stimulation of both receptors result in a balanced serotonin level.

In a long-term setting over a period of 21 days, continuous administration of fluoxetine

significantly increased the survival of newly generated cells (Fig. 32 B). Chronic stimulation

of 5-HT1a receptors for a period of 7 days showed no significant changes, but a decreased
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number of BrdU-positive cells by blocking. In contrast, 5-HT2 receptor agonist treatment

significantly decreased the number of BrdU-positive cells whereas chronic inhibition revealed

no changes relative to control (Fig. 32 B). Also chronic stimulation or inhibition of 5-HT1a

and 5-HT2 receptors for 7 days revealed a balanced regulation of serotonin levels via a

opposed action of these receptors.

Fig. 32. Serotonergic input exert a balanced regulation of hippocampal neurogenesis via 5-HT1a and
5-HT2 receptors. A. Acute fluoxetine treatment does not effect the number of BrdU-positive cells in the adult
dentate gyrus after one day. Based on 1000 proliferating cells in control (NaCl), acute stimulation of 5-HT1a
receptors significantly increased the number of proliferating cells by 50% whereas acute blockade of 5-HT2
receptors halved the cell number. Taken together, acute stimulation of both receptors result in balanced serotonin
level. B. Chronic antidepressant treatment over 21 days significantly increased the number of BrdU-positive
cells (500 BrdU-positive cells in control are taken as basis). The number of newly generated cells is significantly
decreased after 7 days of stimulation with the 5-HT2 receptor agonist �-Methyl-5-HT-maleate as well as by 5-
HT1a receptor inhibition with WAY100135. Taken together, both receptors balance the level of serotonin in the
dentate gyrus. Data are presented as numbers of BrdU-positive cells per dentate gyrus, means±SD.

Additionally, the effect of stimulation and blocking of two different receptors at the same

time in one experiment could be investigated. The 5-HT1a receptor agonist 8-OH DPAT and

the 5-HT2 receptor antagonist Cinanserin can produce several changes in serotonin system

that exert antidepressant action. An antidepressant in the form of 8-OH DPAT and Cinanserin

together could have the effect on both an increase in the number of proliferating cells in the

dentate gyrus and an enhanced neuronal survival after long-time administration. Since long-
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term stimulation with fluoxetine increases the survival of newly generated cells in the dentate

gyrus, the effect might be mediate via both receptors. On the other hand, the time latency in

action of antidepressant drugs can be explained by a time neurons need to recover their

normal firing rate after a desensitization of raphe autoreceptors. Blier et al. already described

a postsynaptic sensitization of 5-HT1a receptors in the adult hippocampus (Blier 2003).

Since enhanced serotonin neurotransmission underlies antidepressant response thus the

neurotransmitter and its regulation of neurogenesis seem to be necessary for antidepressant

treatment. The literature already suggests conditions that lower serotonin levels are associated

with depression; slightly elevated serotonin levels due to different receptor function, e.g.

alteration in postsynaptic 5-HT1a and 5-HT2 receptors in the dentate gyrus, tend to elevate

mood and prevent depression.

5.3 Possible role of serotonin in brain plasticity, e.g. learning and memory

The ability to learn or unlearn, that is to remember or to forget an experience, may be

dependent upon the rheostat function of neurochemicals like serotonin that fix the gain of

neurogenesis. The hippocampus has long been associated with learning and memory

processes, and as part of the limbic system with the modulation of emotional responses. This

study demonstrates that the regulation of serotonin receptor subtypes assist the generation and

survival of newly born neurons in the adult hippocampus. In fact, adult neurogenesis appears

to be mediated by a balanced activation of 5-HT1a and 5-HT2 receptors. Newborn neurons

get integrated into the circuitry thus might contribute to cognitive function mediated by the

hippocampus.

Several studies suggest a role for serotonin in modulating long-term potentiation (Sakai

and Tanaka 1993; Tecott et al. 1995b; Sanberg et al. 2006). They confirm that activation of 5-

HT1a receptors generally has an inhibitory effect on LTP in the perforant path projection to

the dentate gyrus. The perforant path constitutes the primary projection system relaying

information from the neocortex to the hippocampal formation. Sanberg et al. suggest that 5-

HT1a receptors contribute to LTP induction via inhibition of GABAergic interneurons.

Systemic administration of the 5-HT1a agonist 8-OH DPAT to the median raphe nuclei

activates 5-HT1a autoreceptors thus blocks LTP due to reduced serotonin levels (Sanberg et
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al. 2006). In contrast, the antagonist WAY100635 also blocks LTP via the blockade of

postsynaptic receptors in the dentate gyrus. The study attributes serotonin receptors in the

hippocampus a functional role not only in depression but also in memory processes.

Although serotonin is an important neurotransmitter and neuromodulator, BDNF or

VEGF (Warner-Schmidt and Duman 2007) are essential for neurogenic action in the

hippocampus by mediating serotonin effects. The neurotrophic factor BDNF is known to play

a role in neuronal survival and synaptic plasticity underlying the consolidation of certain

forms of memory (Heldt et al. 2007). Additionally, studies indicated a role for neurotrophic

function in the hippocampus to protect from anxiety and depression. They show that cognitive

deficits in depression may be related to decreased hippocampal BDNF, which is reversed by

antidepressant drugs that increase the expression of BDNF in the brain. Interestingly, 5-HT2

receptor subtypes stimulation caused a downregulation of BDNF mRNA expression in the

dentate gyrus, which suggest a role of BDNF in mediating serotonin effects (Vaidya et al.

1997).

The hippocampus is involved in both long-term memory formation and cognitive

processing. Intrinsic GABAergic interneurons, and neurotrophic factors including BDNF are

present in the hippocampus. Furthermore, this brain region receives extrinsic inputs of various

neuromodulatory neurotransmitters such as fiber projections that are serotonergic,

dopaminergic, cholinergic, and noradrenergic. All these agents are participate in

synchronizing hippocampal neuron firing patterns by various mechanisms and constitute a

functional role to optimize hippocampal function. The integration of newly born neurons of

the adult dentate gyrus into a preexisting circuitry plays an important role in cognition, and

may compensate in situations of structural and functional loss.

The hypothesis presented here purports that the interaction of adult hippocampal

neurogenesis and serotonergic signaling contribute to memory formation and might promote

recovery from major depression. In this context, the present study described in more details

the functional role of serotonergic receptor control on adult hippocampal neurogenesis. Here,

compelling evidence suggest that acute and long-term modulation of serotonergic

neurotransmission via 5-HT1a and 5-HT2c receptor subtypes mediate opposing effects on

proliferation, differentiation and survival of newly generated neurons. The current knowledge

of serotonin receptor function and its control of precursor cell development also contribute to
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understand neural mechanisms underlying the cellular responses of antidepressant action. It

furthermore underscores the importance of research on basic principles that afterwards will be

translated into clinical relevance. Further studies are required to clarify aspects of interactions

with other serotonin receptors, especially the 5-HT3 receptor family, and in association with

pharmacological action of antidepressants.

In summary, I here have challenged and manipulated the serotonin system in order to test

whether 5-HT1a or 5-HT2c receptor subtypes directly or indirectly modulate neuronal

differentiation and survival. I have done so with caution because the dependent variable,

aspects of adult neurogenesis, is locally and systemically influenced by many biological

processes, which cannot be controlled or even monitored. Hence, these experiments do not

verify my hypothesis as ‘true’, but they also do not vitiate the arguments I have put forth. As

it stands, my hypothesis is conceptionally correct, at least until the never-ending pursuit of

falsification proceeds by another.
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Solutions for the tissue preparation step

0.9% Sodiumchloride 50 ml per 20 g animal

Paraformaldehyde (PFA), 4% 50 ml per 20 g animal

500 ml dd H2O at 65°

500 ml 0.2 M PO4 buffer (on Ice)

40 g PFA / NaOH to adjust the pH

0.2 M Phosphate Buffer 6.35 g NaH2PO4 x 1 H2O

27.46 g Na2HPO4 x 2 H2O

fill up to 1 l H2O

Saccharose 30% 150 g Saccharose

400 ml 0.1M PO4

Buffers and solutions for immunochemistry

0.1 M Phosphate Buffer 3.18 g NaH2PO4 x 1 H2O

13.73 g Na2HPO4 x 2 H2O

fill up to 1 l with dd H2O

10x Tris buffer solution den 12. Oktober 2007 132.20 g Trizma HCL

19.40 g Trizma Base

90 g NaCl

fill up to 1 l with dd H2O
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0.1M Borate Buffer (pH 8,5) 3.08 g Boric Acid

450 ml dd H2O

5N NaOH to pH 8,5

fill up to 500 ml with dd H2O

Cryoprotection solution (CPS) 250 ml Glycerol (25%)

250 ml Ethylenglycol (25%)

500 ml 0.1 M PO4

Diamino-benzidin (DAB) Stock Concentration: 20 mg/ml

10 mg DAB tablet (in 40 ml TBS)

Nickelchloride 8%(NiCl) 8 g Nickelchloride (Hexahydrate)

 Fill up to 100ml with dd H2O
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