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Abstract
Serotonergic modulation of acetylcholine (ACh) release after neuron-specific increase of the
expression of 5-HT1B receptors by gene transfer was studied in-vitro and in-vivo. The increased
expression of the 5-HT1B receptor in-vitro was induced by treating rat primary fetal septal cell
cultures for 3 days with a viral vector inducing the expression of green fluorescent protein alone
(GFP vector), or, in addition, of 5-HT1B receptors (HA1B/GFP vector). The transfection resulted in
a high number of GFP-positive cells, part of which being immunopositive for choline
acetyltransferase. In HA1B/GFP-cultures (vs. GFP-cultures), electrically-evoked ACh release was
significantly more sensitive to the inhibitory action of the 5-HT1B agonist CP-93,129. Increased
expression of the 5-HT1B receptor in-vivo was induced by stereotaxic injections of the vectors into
the rat septal region. Three days later, electrically-evoked release of ACh in hippocampal slices of
HA1B/GFP-treated rats was lower than in their GFP-treated counterparts, showing a higher inhibitory
efficacy of endogenous 5-HT on cholinergic terminals after transfection. Moreover, CP-93,129 had
a higher inhibitory potency. In conclusion, the HA1B/GFP vector reveals a useful tool to induce a
targeted increase of 5-HT1B heteroreceptors on cholinergic neurons in selected CNS regions, which
provides interesting perspectives for functional approaches at more integrated levels.
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1. Introduction
5-HT1B receptors are G protein-coupled serotonergic receptors involved in the modulation of
transmitter release on serotonergic axon terminals, where they act as autoreceptors, or on axon

*Author for correspondence: Tel: + 49 761 203 9545, Fax: +49 761 203 9500. E-mail address: rolf.jackisch@pharmakol.uni-freiburg.de
(R. Jackisch).

NIH Public Access
Author Manuscript
Brain Res Bull. Author manuscript; available in PMC 2009 April 8.

Published in final edited form as:
Brain Res Bull. 2008 July 1; 76(4): 439–453. doi:10.1016/j.brainresbull.2008.01.015.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



terminals of other neurons, where they operate as heteroreceptors [(for reviews see: [3;27;28;
53]]. For example, it is well established that the release of acetylcholine (ACh) from axon
terminals of septohippocampal cholinergic neurons is inhibited by 5-HT1B receptors [15;38;
55]. Interestingly, it has been suggested that similar serotonergic effects on cholinergic
transmission might participate in cognitive processes [7;8;14;47;54]. For instance, from studies
using 5-HT1B receptor knock-out (KO) mice, it was concluded that 5-HT1B receptors might
be implicated in certain spatial memory processes [e.g., [9;37;48;58]. In addition to cognition,
5-HT1B receptors also seem to be involved in locomotor activity, reinforcement of drugs of
abuse, migraine, stress sensitivity, mood, aggressive behaviour, depression and anxiety states
[17;29;50].

However, although numerous experiments suggest a role of 5-HT1B receptors in the
behavioural processes mentioned above, the fact that they are found on various neuronal
populations and in most brain areas [50] makes it extremely difficult to link observed
serotonergic effects to 5-HT1B receptors located on a well-defined population of neurons.
Moreover, it is not possible to manipulate 5-HT1B heteroreceptors in physiological or
behavioural models without also impinging on 5-HT1B autoreceptors, thereby complicating
the interpretation of findings.

For these reasons, we now investigated the role of 5-HT1B heteroreceptors on cholinergic
neurons in a defined brain region using selective and neuron-specific overexpression of this
receptor via targeted gene transfer. As in previous studies on other brain nuclei [18;19;31;
42], a replication-deficient Herpes simplex virus type 1 (HSV-1) was used as a dual expression
vector, carrying both epitope-tagged 5-HT1B receptors and green fluorescent protein (GFP) on
separate transcriptional cassettes.

It was the aim of the present study to apply this viral gene transfer technique in the septal region
of the rat brain, in order to assess for the first time changes in the presynaptic function of 5-
HT1B heteroreceptors following their overexpression in the septohippocampal cholinergic
pathway. The physiological interest in this strategy relies on the idea that only the expression
of the 5-HT1B hetero- but not of the autoreceptor is increased in a defined brain region, the
hippocampus, in which serotonergic-cholinergic interactions seem to play an important role in
cognitive processes (see above). Our gene transfer experiments were performed both in-vitro
and in-vivo. The in-vitro study, was performed on primary cell cultures of the fetal septal region
which contain cholinergic neurons [22] endowed with 5-HT1B heteroreceptors [21;23;55]. The
in-vivo part relied upon stereotaxic injections of the HSV vectors into the medial septum of
the rat brain, to increase the expression of 5-HT1B heteroreceptors in septohippocampal
cholinergic neurons [1]. The transfection of cholinergic neurons (in-vitro and in-vivo), was
verified using immunocytochemistry, whereas functional consequences of the increased
expression were determined by measuring the 5-HT1B receptor-mediated modulation of
electrically evoked ACh release.

2. Materials and methods
2.1. Chemicals and drugs

Chemicals and drugs were purchased from the following sources: [methyl-3H]choline chloride
from Amersham Biosciences (Freiburg, Germany); hemicholinium-3 from ChemCon
(Freiburg, Germany); 3-[3-(Dimethylamino)propyl]-4-hydroxy-N-[4-(4-pyridinyl)phenyl]
benzamide (GR-55,562) from Biotrend (Köln, Germany). The drug 3-(1,2,5,6-
tetrahydropyrid-4-yl)pyrrollo[3,2-b]pyrid-5-one (CP-93,129) was kindly donated by Pfizer
(Groton, USA). Sources of products used during stereotaxic injections of rats or for cell
cultivation and immunocytochemistry are indicated hereafter (see below).
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2.2. Herpes Simplex Viral vector
Herpes simplex virus (HSV) gene transfer vectors, abbreviated as GFP and HA1B/GFP
hereafter, were produced as described in detail previously [18]. Briefly, a reconstructed
amplicon containing two transcriptional units terminated by SV40 polyadenylation sites, the
first producing HA-5-HT1B (HA, hemagglutinin, tag of the 5-HT1B receptor) from an HSV
promoter/enhancer and the second producing GFP (Green Fluorescent Protein) from a CMV
promoter/enhancer was created (“HA1B/GFP”). As a control, a second amplicon producing
only GFP was also prepared (“GFP”). Both amplicons were then packaged using replication-
deficient HSV as described before [43]. This viral preparation was kept in 5 µl-aliquots in a
−80°C-freezer until utilization.

2.3. Animal care
All procedures involving animal care and experimentation were conducted in accordance with
institutional guidelines that comply with the German law for animal protection (DtTSchG,
25.5.1998, last modification: 21.6.2005) and the European Communities Council Directive of
24 November 1986 (86/609/EEC; official animal experimentation licence to J-C.C.: # 67–215,
04.08.04). All efforts were made to minimize animal suffering and to reduce the number of
animals used to the minimum regarding statistical constraints.

2.4. Preparation of primary septal cell cultures
Cell cultures from the fetal septal region were prepared as previously described [21;22] with
minor modifications. Pregnant Wistar rats on embryonic day 17 (ED17) were deeply
anaesthetized with sodium pentobarbital, both uterine horns were removed and each embryo
was taken out of its individual amniotic sac and placenta and placed in an ice-cold Petri dish
filled with phosphate-buffered saline (PBS, Biochrom KG, Berlin, Germany). Embryos were
first killed by decapitation and all steps of brain dissection were done under a stereomicroscope
(magnification from ×10 to ×25) according to [20].

Tissue pieces of the embryonic septal area were collected in ice-cold phosphate-buffered saline
and incubated for 20 min at 37°C in 1 ml of a trypsin-EDTA solution (0.5 %, Sigma-Aldrich,
Taufkirchen, Germany). Trypsinization was stopped by the addition of 500 µl of NU-serum
(NU-serum IV culture supplement, Becton Dickinson, Franklin Lakes, NJ, USA).
Subsequently the cells were dissociated by gentle trituration using a fire-polished Pasteur
pipette. Following centrifugation of the suspension obtained (200 g, 5 min), the pellet was
resuspended in 1 ml of growth medium (see below). After a second trituration, the suspension
was recentrifuged (200 g, 5 min) and the pellet resuspended by gentle trituration in a final
volume of 125 µl growth medium per septum. Finally, cells were plated at a density of 1.4 ×
106 cells/ml onto 96-well plates, each well containing a circular glass cover slip (5 mm
diameter; “cell culture discs”), previously coated with poly D-lysine (poly-D-lysine
hydrobromide, Sigma Aldrich, Taufkirchen, Germany).

Cells were cultured at 37°C in a humidified 95% air/5% CO2 atmosphere for 14 days in-
vitro (DIV) in Dulbecco’s modified Eagle’s medium (DMEM medium: Nut. Mix. F-12 with
Glutamax-1, GibcoBRL, Life Technologies, Eggenstein, Germany) containing 10% of NU-
serum IV culture supplement (Becton Dickinson), a mixture of insulin, transferrin and sodium
selenite (5 µg/ml, 5µg/ml and 5 ng/ml, Sigma), a mixture of penicillin and streptomycin (50
U/ml and 5 ng/ml; GibcoBRL), as well as mouse nerve growth factor (mNGF, 10 ng/ml,
Alomone/ICS, Munich, Germany) and human neurotrophin-3 (hNT-3, 50 ng/ml, Alomone/
ICS). The growth medium was changed every 3–4 days.
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2.5. Infection of cell cultures with viral vectors
At DIV 9, twelve cell culture discs were transferred to each of a 3.5 cm-Petri dishes filled with
1.5 ml growth medium and further grown for 3 days. At DIV 11 the viral vectors (either GFP
or HA1B/GFP) were added to the growth medium at a concentration of 1 µl viral suspension
(~100.000 infective units) per ml of growth medium. ACh release experiments using these
cultures or fixation of the cells for immunocytochemical stainings, respectively, were
performed three days later (DIV 14) because the virus vectors have been shown to induce a
maximal expression of the 5-HT1B receptor after 3 days [18].

2.6. Stereotaxic injection of viral vectors in-vivo
The in-vivo study was performed on young adult Long-Evans male rats (Centre d’Elevage R.
Janvier, Le Genest St-Isle, France) aged of 3 months at the time of surgery. They were kept in
an animal colony in individual transparent cages (42 × 26 × 15 cm) in rooms that were
maintained on a 12:12 h dark-light cycle (light on at 7:00) under controlled temperature (19°
± 1°C). The rats were housed with ad libitum access to food and water throughout the
experiment. Before surgery, the rats were randomly assigned to one of the two groups, namely
GFP and HA1B/GFP. The GFP group refers to animals injected with the viral construct
expressing GFP only, the HA1B/GFP group refers to animals injected with the construct
expressing both GFP and the 5-HT1B receptor tagged with HA, whereas the CON group refers
to animals that were not subjected to any surgery.

Bilateral implantation of guide cannulae—rats were anaesthetised with isoflurane (1-
chloro-2,2,2-trifluoroethyl-difluoromethylether; 2–3%; Forene®, Abbott GmbH, Wiesbaden,
Germany) and the scalp fur was shaved before the animal was placed in a Stoelting® stereotaxic
frame. Rats were kept under anaesthesia during the surgery with the aid of a gas mask fixed to
the incisor bar of the stereotaxic frame. After scalp incision, the coordinates of Bregma were
determined and two small holes for bilateral stereotaxic injection of the viral vector were drilled
at the sites for the implantation of the two guide cannulas. Two stainless steel guide cannulae
(length 12 mm; outer diameter 0.40 mm) targeting the medial septal area were then implanted
at the following stereotaxic coordinates: A = + 0.8; L = ± 0.5; V = −5.6 in mm from Bregma
(with the incisor bar set at 3.3 mm below the interaural line; according to [44] and with A
referring to anterior, L to lateral and V to ventral). Guide cannulae were kept in place by a cap
of acrylic dental cement tightly fixed to the skull by three stainless steel screws. Following
disinfection of the surrounding skin, the cap of dental cement was rounded to avoid any
involuntary injury of the rat. At the end of the surgery, a stainless steel dummy was placed in
the opening of each of both guide cannulae in order to avoid any obstruction. Finally, each rat
received an intramuscular injection of an antibiotic, i.e. benzylpenicillin-benzathine
(Pendysin® 1.2 Mio, Jenapharm GmbH, Jena, Germany). After surgery, animals were allowed
to recover from anaesthesia in the surgery room before being replaced in their home cages and
brought back to the animal colony.

Injection of the viral vectors—Injections of the viral vectors GFP and HA1B/GFP were
performed under isoflurane anaesthesia and aseptic conditions between 3 and 13 days after
guide cannula implantations. The microinjection needles were connected to a 10 µl Hamilton
syringe using a catheter and the syringe was fixed in a microinjection pump (World Precision
Instruments, Sarasota; FL, USA). Because the microinjection needles were longer than the
guide cannulae, we were able to inject the virus vectors at two different sites in depth, i.e. at
−7.6 and −6.6 mm (from Bregma) in order to infect the medial septal area over a significant
distance of its dorso-ventral extent. For each site, the injection of 1 µl of the viral suspension
(~100.000 infective units) was performed at a rate of 200 nl/min. In order to enable sufficient
diffusion of the virus from the injection site, the needle was left in place for each injection
depth and site for 5 additional minutes before being slowly retracted. At the end of the surgery,
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the stainless steel dummy was replaced in the opening of each of both guide cannulae in order
to avoid any obstruction. After the injections, animals were allowed to recover from anaesthesia
before being replaced in their home cages and brought back to the animal colony. As a
maximum of the increased expression of the transferred genes was shown to occur about 3 to
4 days after the injection [18], preparation of brain slices for immunocytochemical
characterizations as well as for ACh release experiments were performed on the third day after
the microinjection.

2.7. Electrically-evoked release of tritiated acetylcholine ([3H]ACh)
Three days after injection of the viral vectors into the rat septal region in-vivo, or at DIV 14
for septal cell cultures (i.e. 3 days after the infection of the cell cultures with the viral
constructs), electrically-evoked release of [3H]ACh from the hippocampal slices, or the cell
cultures, respectively, was measured.

Hippocampal slices—Rats previously injected with viral vectors (groups: GFP, HA1B/
GFP) or untreated rats (group: CON) were sacrificed by decapitation during anesthesia
following carbon dioxide inhalation. Their brain was quickly removed and transferred into ice-
cold modified Krebs-Henseleit (KH) buffer of the following composition (in mM): NaCl, 118;
KCl, 4.8; CaCl2, 1.3; MgSO4, 1.2; NaHCO3, 25; KH2PO4, 1.2; glucose, 10; ascorbic acid, 0.6;
Na2EDTA, 0.03; saturated with carbogen (95% O2/5% CO2), pH adjusted to 7.4. The anterior
part of the brain containing the septal region was used for subsequent sectioning and
immunostaining (see below). From the posterior part of the brain, both hippocampi were
dissected out and cut in 350-µm thick slices along the septotemporal axis with a McIIwain
tissue chopper. The hippocampal slices were washed three times with ice cold KH buffer and
incubated in 2 ml KH buffer containing [3H]choline (0.1 µ mol/L; [methyl-3H]-choline (82 Ci/
mmol), for 45 min at 37°C under a flow of carbogen. After incubation, brain slices were
carefully washed with KH buffer (at 37°C), transferred into superfusion chambers (one slice
per chamber) and superfused at a rate of 1.2 ml/min and a temperature of 37°C with oxygenated
KH buffer routinely supplemented with 10 µM hemicholinium-3. After 15 min of superfusion,
the slices were prestimulated by electrical fields (18 rectangular pulses at 3 Hz, 2 ms, 4 V/
chamber, 25–28 mA). Collection of 2-min fractions started after 32 min of superfusion. The
overflow of [3H] was induced three times by electrical field stimulations (90 rectangular pulses
at 3 Hz, 2 ms, 8 V/chamber, ~ 50 mA) after 36 min (S1), 52 min (S2) and 68 min (S3) of
superfusion. The drug to be tested (CP-93,129) was added to the superfusion buffer from 8
min before S2 and S3 onwards, with concentration increasing from S2 to S3. At the end of the
experiments (i.e. after 76 min of superfusion) the radioactivity of superfusate samples and
slices (dissolved in 300 µl Solvable® 350; Perkin-Elmer, Rodgau, Germany) was determined
by liquid scintillation counting.

Septal cell cultures—Cell culture discs containing septal cell cultures at DIV 14 (i.e. 3 days
after infection with viral constructs) were carefully washed with KH buffer (at least 3 times at
37°C) and preincubated in the presence of [3H]choline as described above for hippocampal
slices. Subsequently they were carefully washed again and then placed (two cell culture discs
back to back) in the superfusion chambers, where they were superfused at a rate of 0.6 ml/min
in the presence of 10 µM hemicholinium-3 and a temperature of 25°C (a temperature previously
shown to be optimal for superfusion experiments using cultured neurons [5; 21; 22]). After 49
min of superfusion, collection of 4-min fractions was started. The overflow of [3H] was induced
twice by electrical field stimulations (360 rectangular pulses at 3 Hz, 0.5 ms, 9.4 V/chamber,
90 – 100 mA) after 57 min (S1) and 85 min (S2) of superfusion. The drug to be tested
(CP-93,129) was added to the superfusion buffer from 8 min before S2 onwards. At the end of
the experiment (i.e. after 129 min of superfusion) the radioactivity of superfusate samples and
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cell culture discs (cells dissolved in 300 µl Solvable® 350) was determined by liquid
scintillation counting.

Calculation of release data—As regards [3H]ACh release from hippocampal slices of
stereotaxically transfected animals, GFP fluorescence served as an indicator of viral
transfection. Thus, before statistics were performed, 40 µm vibratome slices were observed
under a fluorescence microscope in order to check for the site of the cannula tracks as well as
for GFP-positive cells in the medial septal area. Consequently, data of rats in which the
cannulae were not implanted into the appropriate target region or for which no GFP-positive
cells could be detected in the medial septum (about in 40% of rats treated with either viral
vector) were discarded from all statistical analyses.

The fractional rate of tritium outflow (in per cent of tissue or cell tritium per 4 min) was
calculated as: (pmoles tritium outflow per 4 min) × 100 / (pmoles of tritium in the hippocampal
slices (or cell culture discs) at the start of the respective 4-min period). The ‘basal tritium
outflow’ (b1-value) represents the ‘fractional rate of tritium outflow per 4 min’ in the fraction
preceding S1. The stimulation-evoked overflow of tritium at S1, S2 or S3 was expressed as a
percentage of the tritium content of the hippocampal slices (or cell culture discs) just before
the onset of the respective stimulation period. It was calculated following subtraction of the
basal tritium outflow; the latter was assumed to decline linearly from the 4-min fraction
immediately before the onset of the stimulation to the 4-min fraction 12 – 16 min after the
onset of the stimulation. Effects of drugs added before Sn were estimated as the ratio of the
overflow evoked by the corresponding stimulation periods (Sn/S1) and then compared to the
appropriate control ratios (no drug addition before Sn). Effects of drugs added before Sn on the
basal outflow of [3H] were determined routinely as the ratio (bn/b1) of the fractional rates of
[3H]outflow of the fractions preceding the corresponding stimulation periods and then
compared to the appropriate control ratios (no drug addition before Sn). However, since no
basal effects of drugs were observed in the present study, they are not mentioned in the
subsequent text.

2.8. Immunocytochemistry
Fixation of cell cultures and brain slices for immunostaining—Some of the septal
cell cultures were pretreated with the viral vectors for 3 days (starting at DIV 11) as described
above. At DIV 14, the cells on the culture discs were fixed (2 × 15 min) by treatment with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB, Biochrom KG, Berlin, Germany), then
washed in 0.1 M PB (2 times for 15 min) and finally further treated as described below.

Fixation and staining of brain slices was performed using the free floating slice technique. The
anterior parts of the brains from rats stereotaxically injected with the viral vectors were
dissected and fixed in 4% paraformaldehyde dissolved in 0.1 M PB for 24 h before washing
and storage (4°C) in 0.1 M PB until sectioning. Forty µm thick coronal sections of each anterior
rat brain piece were prepared using a vibratome (Leica VT1000S, Wetzlar, Germany) and
collected in a 24-well plate in 0.1 M PB. Due to the presence of GFP in the cell cultures and
slices, all steps of immunostaining were conducted under dark conditions.

Glial fibrillary acidic protein (GFAP, only for the cell cultures)—After fixing and
washing, septal cell cultures were directly incubated with a Cy3-conjugated mouse anti-GFAP
antibody (1:2000; Sigma, Taufkirchen, Germany) in 0.1 M PB for 1 hour. After 3 washings of
10 min each in 0.1 M PB, cells were mounted on glass slides with fluorescence-specific
mounting medium (Vectashield® Mounting medium, Vector Laboratories, Burlingame, CA,
USA).
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Glutamate decarboxylase 67 (GAD67)—Septal cell cultures were treated, with 5 or 10%
Normal Goat Serum (NGS, Vector laboratories) and 0.5% Triton X-100 (in 0.1 M PB) for 30
min before incubation with mouse anti-GAD67 antibody (1:5000, affinity purified monoclonal
antibody, Chemicon International, Hampshire, United Kingdom) in 0.1 M PB (supplemented
with 1% NGS and 0.5% Triton X-100) for 12 hours at 4°C. After washing of the cells with 0.1
M PB, they were subsequently stained by the addition of Alexa 568-conjugated goat anti-mouse
antibody (1:500, InVitrogen GmbH, Karlsruhe, Germany) in 0.1 M PB for 1 hour at room
temperature. Following a final washing period (4×30 min in 0.1 M PB), septal cultures were
placed on glass slides and mounted with Vectashield® mounting medium.

Hemagglutinin (HA)—Septal cell cultures or brain sections, respectively, were treated, with
5 or 10% normal goat serum (NGS; Vector Laboratories) and 0.5% Triton X-100 (in 0.1 M
PB) for 30 min (1 hour for the brain sections) before incubation for 12 hours at 4°C with mouse
anti-HA antibody (1:1000, HA.11 monoclonal antibody, purified, Covance, San Diego, CA,
USA) in 0.1 M PB (supplemented with 1% NGS and 0.5% Triton X-100). After washing of
the brain sections of cell culture discs with 0.1 M PB, they were stained by the addition of Cy3-
conjugated goat anti-mouse antibody (1:500; Dianova, Hamburg, Germany) in 0.1 M PB for
2 hours at room temperature. Following a final washing period (4 × 30 min in 0.1 M PB), septal
cultures or brain sections were placed on glass slides and mounted with Vectashield® mounting
medium.

Choline acetyltransferase (ChAT)—Septal cell cultures or brain sections, respectively,
were treated, with 5 or 10% Normal Donkey Serum (NDS, Dutscher, Brumath, France) and
0.5% Triton X-100 (in 0.1 M PB) for 30 min (1 hour for the brain sections) before incubation
with goat anti-ChAT antibody (1:500, affinity purified polyclonal antibody, Chemicon
International, Hampshire, United Kingdom) in 0.1 M PB (supplemented with 1% NDS and
0.5% Triton X-100) for 12 hours at 4°C. After washing of the tissues with 0.1 M PB, they were
subsequently stained by the addition of Cy3-conjugated donkey anti-goat antibody (1:500,
InVitrogen GmbH, Karlsruhe, Germany) in 0.1 M PB (supplemented with 1% NDS and 0.5%
Triton X-100) for 1 hour for the cell cultures (2 hours for the brain sections) at room
temperature. Following a final washing period (4×30 min in 0.1 M PB), septal cultures or brain
sections were placed on glass slides and mounted with Vectashield® mounting medium.

Microscopy—Brain slices and cell cultures, once stained, were first screened under a
fluorescence microscope for overview pictures (AxioPhot with AxioCam, using AxioVision
software, Zeiss, Oberkochen, Germany). Subsequently they were further analysed using a
confocal laser microscope [AxioVert 135 (Zeiss, Oberkochen, Germany) equipped with the
confocal emission unit MRC 1024 (BioRad, Hercules, CA, USA) and the MetaMorph 7.0
software (Universal Imaging, Downingtown, PA, USA)].

2.9. Statistical analysis
All data were analysed using analyses of variance (ANOVA); when appropriate, ANOVA was
followed by multiple comparisons using the Newman-Keuls test [57]. All values shown in the
Figures are Means ± S.E.M, “n” representing the total number of hippocampal slices or cell
culture discs, respectively, used for each experimental condition.

3. Results
3.1. Increased expression of 5-HT1B receptors in septal cell cultures

3.1.1. Immunostaining of cell cultures—Primary cell cultures from the rat fetal septal
region were transfected either with the viral construct expressing only GFP (GFP group) or
with the viral construct expressing both GFP and the 5-HT1B receptor (tagged with
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hemagglutinin; HA1B/GFP group). Three days after transfection, the cell culture discs were
washed and fixed for immunocytochemical characterization.

Glial Fibrillary Acidic Protein and glutamate decarboxylase: In a previous study on
primary cell cultures from the fetal septal region of the rat they were characterized as a mixed
culture of non-neuronal and neuronal cells, some of the latter being cholinergic neurons [22].
Using an antibody against the glial marker GFAP, the presence of a large number of glial cells
is also visible in the present cultures (Figure 1B). However, in cultures transfected with either
the GFP vector (Figure 1) or the HA1B/GFP vector, no colocalization between GFP and GFAP
was found. (Figure 1C).

On the other hand Figure 1E also reveals the presence of cells in the cultures, which are stained
with an antibody against GAD67. Some of these cells were co-expressing GFP (Figure 1F).

Hemagglutinin immunostaining: Data are shown in Figure 2. As described in Methods, a
hemagglutinin (HA) epitope tag was introduced into the N-terminus of the 5-HT1B gene to
allow easier detection of 5-HT1B receptor expression with commercially available antibodies.
As shown in Figure 2A, neuronal cells transfected with GFP only exhibited the classical green
fluorescence of GFP (Figure 2A), whereas a labeling of cells with an antibody against
hemagglutinin could not be shown (Figure 2B). In contrast, cell cultures transfected with the
HA1B/GFP construct exhibited both GFP (Figure 2D) as well as hemagglutinin labeling
(Figure 2E) and these two labels were colocalized in an important proportion of cells (Figure
2F).

Choline acetyltransferase: As evident from Figure 3, cell cultures of the rat fetal septal area
transfected with the GFP (Figure 3 A to I) or the HA1B/GFP vector (Figure 3 J to L) show (at
different levels of magnification) cells expressing GFP (Figure 3A, D, G, J). Moreover, some
of the cells are also labeled using an antibody against the cholinergic marker enzyme choline
acetyltransferase (ChAT; Figure 3B, E, H, K). Finally, as evident from the merged pictures, in
some of the neurons, a colocalization of GFP and ChAT-immunostaining can be shown (Figure
3C, F, I, L). In addition to these observations it should also be noticed that some ChAT-positive
neurons were negative for GFP (not visible in Figure 3) and that some GFP-positive cells were
not stained for ChAT. Because of the high density of the cellular network, it was not possible
to quantify the number of cholinergic cells and their proportion with respect to all neuronal
cells. Moreover, despite its good quality, the ChAT staining did not always allow us to detect
neuritis.

3.1.2. Electrically-evoked release of [3H]ACh in septal cell cultures
Accumulation of [3H]choline by cell cultures: Following two weeks in-vitro the septal cell
cultures treated for 3 days with the GFP- or the HA1B/GFP-vector, respectively, were washed
carefully and incubated in superfusion medium (KH buffer) in the presence of [3H]choline.
Data for the accumulation of [3H]choline (in pmoles/cell culture discs) are shown in Figure
4A (light grey bars). ANOVA of the [3H]choline accumulation showed no significant
difference between the two types of transfected cell cultures (F[1,203] = 0.018; n.s.).

Baseline outflow of tritium from cell cultures (b1): Following preincubation, the cell culture
discs were washed carefully and superfused continuously. Data for the baseline [3H]outflow
from the cultured cells immediately before the electrical field stimulation (S1) are presented
in Figure 4A (black bars). The statistical analysis was done both on the absolute values (in nCi)
for the basal [3H]outflow and the relative values (in percent of accumulated [3H] per cell culture
disc), but only relative values are shown in Figure 4A. ANOVA of the baseline [3H]outflow
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from cell cultures showed no significant difference between the GFP and the HA1B/GFP
groups, whether on absolute (F[1,203] = 0.062; n.s.) or relative values (F[1,203] = 0.733; n.s.).

Electrically-evoked overflow of tritium in cell cultures: During superfusion, the septal cell
cultures were exposed to two electrical field stimulations (S1, S2). Data for the amount of the
electrically-evoked overflow of [3H] during the first stimulation period (S1) are shown in Figure
4A (dark grey bars). As for the baseline outflow, statistical analyses was performed on both
absolute (in nCi) and relative values of S1 (in percent of accumulated [3H] in each cell culture),
but only relative values are presented in Figure 4A. ANOVA of the electrically-evoked
overflow of [3H] showed no significant difference between both transfection types, whether
on absolute (F[1,203] = 0.071; n.s.) or relative values (F[1,203] = 0.003; n.s.).

Effects of the selective 5-HT1B agonist CP-93,129 on the evoked overflow of [3H]: During
the experiment, various concentrations of the 5-HT1B agonist CP-93,129 were added to the
superfusion medium before S2. The inhibitory effects of this drug are shown in Figure 4B. Data
were analysed using a two-way ANOVA combining the “Vector” as a first factor (GFP or
HA1B/GFP virus) and the “Drug condition” as a second factor (slices where either controls or
superfused with CP-93,129, at 0.1, 1 or 3 µM). ANOVA showed a significant effect of Vector
(F[1,197] = 21.53; p < 0.001) and of Drug condition (F[3,197] = 28.50; p < 0.001), as well as
a significant interaction between these factors (F[3,197] = 3.79; p < 0.05). The Drug condition
effect was due to a significant effect of CP-93,129 in both groups as compared to control slices.
For the GFP group, 1 µM of CP-93,129 decreased the [3H]ACh release by about 12% (p <
0.05) and 3 µM by 15% (p < 0.05), as compared to respective controls. For the HA1B/GFP
group, 0.1 µM of CP-93,129 decreased the [3H]ACh release by 22% (p < 0.001), 1 µM by 25%
(p < 0.001) and 3 µM by 27% (p < 0.001), as compared to the respective controls. These
differences account for the significant interaction, the effects of CP-93,129 being significantly
more potent in HA1B/GFP-treated septal cultures as compared to those treated with GFP virus,
whatever the concentration (p < 0.01 for 0.1 and 1 µM of CP-93,129 and p < 0.05 for 3 µM of
CP-93,129).

3.2. Increased expression of 5-HT1B receptors in septal tissue in-vivo
As described in Methods, the viral vectors GFP or HA1B/GFP were injected stereotaxically
into the medial septum of adult Long-Evans rats. Three days later, the effects of the transfection
were studied (i) in slices of the septal region using immunocytochemistry, and (ii) in slices of
the hippocampus by measuring the electrically-evoked release of ACh.

3.2.1. Immunostaining of brain slices
Hemagglutinin immunostaining: As mentioned above, a hemagglutinin (HA) epitope tag
was introduced into the N-terminus of the 5-HT1B gene to allow easier detection of the
transfected 5-HT1B receptor with commercially available antibodies. Anterior parts of the
transfected brains (containing the septal nuclei) were fixed for subsequent immunostaining.
As shown in Figure 5A, many neuronal cells of the septal region of rats treated with the GFP
vector showed a green fluorescence, whereas in none of the same cells a “specific” staining
for HA could be detected (Figure 5B and C). The red staining of cells in Figures 5B and C was
most probably due to unspecific reactions of the HA antibody in the tissue or to
autofluorescence phenomena, which are sometimes related to inflammatory processes.
Conversely, septal cells of rats injected with the HA1B/GFP vector exhibited both a staining
for GFP (Figure 5D), as well as for HA, which indicates the presence of the 5-HT1B receptor
(Figure 5E and 5F). It should be noticed that, as mentioned above, unspecific or
autofluorescence reactions of the HA antibody are also detectable in Figure 5E and F (for
further remarks: see discussion).
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Choline acetyltransferase: In order to check whether some of the cells transfected with the
HA1B/GFP vector were cholinergic, we also performed ChAT immunocytochemistry in slices
of the septal region. Figure 6A shows at two different magnifications that many cells in this
area were GFP-positive. Moreover, although the staining for ChAT was very weak (Figure 6B)
colocalization of ChAT in several GFP-positive cells could be detected: an example is shown
in Figure 6B to D. In this context it should be noted, that the colocalization of ChAT and GFP
might be underestimated, because ChAT antibodies do not penetrate well into the tissue
whereas GFP expression is easily detectable at all levels of the tissue sections. For these
reasons, a clearcut demonstration of a colocalization of ChAT and GFP septal neurons of
HA1B/GFP treated rats was only possible using confocal laser microscopy on single GFP
labelled cells as shown in Figure 6B to D.

3.2.2. Electrically-evoked release of [3H]ACh in hippocampal slices
Comparison of untreated rats with virus-treated rats: As the goal of this study was to
analyse whether the overexpression of the 5-HT1B receptor in the septal area might have
functional effects on the release of ACh in the hippocampus, ACh release data of the GFP
group were used as controls of the corresponding data of the HA1B/GFP group (see below).
Nevertheless, we first checked, whether the transfection surgery alone already affected
hippocampal release of ACh. For this purpose we compared data from the GFP group
(intraseptal virus injection) with those of the CON group (no surgery at all, see Methods). Data
of this comparison are shown in Table 1. ANOVA of the [3H]choline accumulation in
hippocampal slices showed no significant difference between GFP and CON rats (F[1,150] =
0.532; n.s.). ANOVA of the values of baseline [3H]outflow showed a significant difference
between the two groups (F[1,105] = 52.76; p < 0.001), which was due to a baseline outflow
that was significantly lower (by 19%) in the GFP group as compared to the CON group.
Concerning the electrically-evoked [3H]overflow, ANOVA showed a weak but significant
difference between the two groups (F[1,105] = 4.14; p = 0.04), which was due to a lower evoked
overflow (by 17%) in the GFP group as compared to the CON group. Finally, concerning the
effect of the 5-HT1B receptor selective agonist CP-93,129 on the evoked overflow of [3H]ACh,
there was no difference between GFP and CON groups.

In the subsequent experiments [3H]ACh release data from hippocampal slices of the GFP group
were compared with those of the HA1B/GFP group.

Accumulation of [3H]choline by hippocampal slices: Data (in pmoles/slice) are shown in
Figure 7A (light grey bars). ANOVA of the [3H]choline accumulation showed no significant
difference between the two groups GFP and HA1B/GFP (F[1,115] = 0.491; n.s.).

Baseline outflow of tritium in hippocampal slices (b1): Data are presented in Figure 7A
(black bars). Statistical analyses were performed on both absolute (b1-values in nCi) and
relative values (b1-values in % of accumulated [3H] in each slice), but only relative values are
illustrated in the graph. ANOVA of the baseline [3H]outflow from hippocampal slices showed
a significant difference between the GFP and the HA1B/GFP groups on both absolute (F[1,115]
= 5.57; p < 0.05) and relative values (F[1,115] = 11.92; p < 0.01). This difference was due to
a baseline [3H]outflow that was significantly lower (by about 10%) in rats of the HA1B/GFP
group as compared to those of the GFP group.

Electrically-evoked overflow of tritium in hippocampal slices (S1): Data are shown in
Figure 7A (dark grey bars). As for the baseline, statistical analyses were performed on both
absolute (S1 in nCi) and relative (S1 in % of accumulated [3H] in each slice) values, but only
relative values are illustrated in Figure 7A. ANOVA of the electrically-evoked [3H]overflow
from hippocampal slices showed a significant difference between the two groups on both
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absolute (F[1,115] = 8.98; p < 0.01) and relative values (F[1,115] = 8.43; p < 0.01). This
difference was due to an electrically-evoked [3H]overflow that was significantly lower (by
15%) in slices from rats of the HA1B/GFP group as compared to those from rats of the GFP
group.

Effect of CP-93,129 on the evoked overflow of [3H] in hippocampal slices: Data are shown
in Figure 7B. The selective 5-HT1B receptor agonist CP-93,129 was added to the superfusion
buffer from 8 min before S2 and S3 onwards with concentrations increasing from S2 to S3.
Indeed, some slices were successively subjected to 0.01 (S2) and 1 µM of CP-93,129 (S3)
whereas another subset was subjected to 0.1 (S2) and 10 µM (S3) of the same drug. Therefore,
to compare the effect of CP-93,129 in GFP and HA1B/GFP groups on ACh release, a three-
way ANOVA, including repeated measures (the same slices were subjected to two
concentrations of the same drug) was performed, comprising the following factors: Vector (two
levels: GFP or HA1B/GFP vector), Drug condition (three levels: control [no drug] or
“CP1” [ 0.01 or 1 µM of CP-93,129] or “CP2” [0.1 or 10 µM of CP-93,129]). The repeated
measures factor was considered as Stimulation rank and corresponded to S2/S1 or S3/S1 values
in % of the corresponding control. ANOVA showed that there was an overall significant effect
of Drug condition (F[2,111] = 66.99; p < 0.001) and of the Stimulation rank (F[1,111] = 153.44;
p < 0.001), as well as a significant interaction between Vector and Stimulation rank (F[1,111]
= 11.86; p < 0.001) and a significant interaction between Drug condition and Stimulation rank
(F[2,111] = 50.99; p < 0.001). The interaction between all factors was close to significance (F
[2,111] = 3.03; p = 0.052). The Drug condition effect was due to a significant inhibitory effect
of CP-93,129 in both groups as compared to control slices. The interaction between the
different factors was due to a significant decrease of the [3H]ACh release when the
concentration of CP-93,129 was increased, which was found in both groups. Indeed, for the
GFP group, 0.1 µM of CP-93,129 decreased the [3H]ACh release by 12% (p < 0.001), 1 µM
by 24% (p < 0.001) and 10 µM by 26% (p < 0.001) as compared to controls. The lowest
concentration of CP-93,129 (0.01 µ M) failed to significantly inhibit [3H]ACh release in this
group (p = 0.41). For the HA1B/GFP group, 0.01 µM of CP-93,129 decreased the [3H]ACh
release by 9% (p < 0.001), 0.1 µM by 20% (p < 0.001), 1 µM by 24% (p < 0.001) and 10 µM
by 25% (p < 0.001) as compared to controls, indicating a shift to the left of the concentration-
response curve in the HA1B/GFP group as compared to the GFP group. This was confirmed
by the post-hoc comparisons, which showed that for the concentrations 0.01 and 0.1 µM,
CP-93,129 decreased the release of [3H]ACh with a significantly higher potency in the HA1B/
GFP group as compared to the GFP group (p < 0.001 for both concentrations).

Both in the GFP and HA1B/GFP groups the inhibitory effect of 0.1 µM CP-93,129 was
completely antagonized in the presence of the selective 5-HT1B antagonist GR-55,562 (1 µM;
[56]) throughout superfusion (GFP group: 96.6 ± 5.4% of controls; HA1B/GFP group: 99.3 ±
4.2% of controls, respectively). The presence of GR-55,562 throughout superfusion
significantly increased the basal (b1) but not the evoked overflow of [3H] at S1 in the GFP
group, whereas no significant changes were observed in the HA1B/GFP group (data not
shown).

4. Discussion
The present series of experiments used a viral gene transfer technique to induce an increased
expression of the 5-HT1B receptor in cholinergic neurons of the septal region. Herpes simplex
viral particles were used as vectors for the expression of GFP or of the 5-HT1B receptor, which
were transfected either alone or together (“GFP vector”, expressing only GFP, or “HA1B/GFP
vector”, expressing HA-tagged 5-HT1B receptor and GFP, respectively; see [18]). To analyse
the ability of these vectors to express the proteins in question, the study was performed in two
steps. The first step consisted in an in-vitro approach, in which the growth medium of primary
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neuronal cultures prepared from the fetal septal region [22] was infected with the viral vectors
to allow an analysis of the functional effects of an increased expression of the 5-HT1B receptor
at a more cellular level. The second step relied upon stereotaxic injections of the same viral
particles into the septal region of the rat basal forebrain in order to enhance the expression of
the 5-HT1B receptor in the target region of cholinergic neurons in the medial septum/diagonal
band of Broca, namely the hippocampus. In each of these approaches, transfection-induced
expression of the 5-HT1B receptor was verified by immunocytochemical techniques, whereas
its functional consequences were assessed by measuring the modulation of the electrically-
evoked ACh release. For the latter purpose, septal cell cultures or hippocampal slices,
respectively, were preincubated with [3H]choline, superfused and stimulated electrically. Since
electrically-evoked [3H]overflow both from septal cell cultures [22] and brain slices (e.g.
[30;39;45]) pre-incubated with [3H]choline has been shown to reflect action-potential-induced,
exocytotic release of authentic acetylcholine (ACh), mainly the expression “evoked release of
ACh” will be used hereafter.

4.1. Increased expression of 5-HT1B receptors in-vitro: primary cholinergic cell cultures
Since we wanted to study the functional consequences of an increased expression of the 5-
HT1B receptor in the axon terminals of the septo-hippocampal cholinergic pathway [34;46],
primary cell cultures were prepared from the embryonic septal region at E17 for the in-vitro
study. We have previously shown that such septal cultures consisted of a mixture of non-
neuronal (mainly astroglial) and neuronal cells and that some of the latter could be identified
immunohistochemically as cholinergic [22]. Also in the present study GFAP-positive astroglial
cells (Figure 1) and ChAT-positive cholinergic (Figure 3) were observed in primary cultures
of the fetal septal area. Moreover, GAD67-positive GABAergic neurons (Figure 1E) were
detected. Besides an increase in ChAT-positive neurons during growth, the previous study
[22] also showed that following electrical field stimulation of such cultures, an action potential-
induced and exocytotic release of ACh was easily detectable. Moreover, this evoked release
of ACh was modulated by presynaptic muscarinic autoreceptors as well as by adenosine A1
and µ-opioid heteroreceptors [22]. As in a recent paper of our group [21], the present study
extends this list of presynaptic receptors: the significant inhibitory effects (see Figure 3) of the
selective 5-HT1B agonist CP-93,129 (see: [33]), suggests that also ACh release-modulating 5-
HT1B receptors are present and functional on cholinergic neurons in cultured septal cells,
although their subcellular localization (soma, dendrites or axon terminals) still has to be
established.

In the present work, we confirmed the well established neurotropism of the HSV vector: as
already described by Clark et al. [18], GFAP-positive astroglial cells visibly did not express
GFP (see Figure 1; cf. also Barot et al. [4]). Moreover, as substantiated by the present data,
some but not all of the GFP-positive neuronal cells in the septal culture were also positive for
the cholinergic marker ChAT (Figure 3); in addition, following infection with the vector HA1B/
GFP, GFP-positive neurons were also positive for the hemagglutinin-tag. Since the GFP and
HA1B proteins are coded for by the same plasmid but different cassettes, they are necessarily
co-expressed. Moreover, because HA is an epitope tag fused to the 5-HT1B receptor coding
sequence (with the additional advantage of being a cytoplasmic marker that is heavily
expressed in the cell body), the demonstration of colocalization of HA and GFP infers also
colocalization of the 5-HT1B receptor and GFP. Taken together, these observations suggest
that (at least some of) the cholinergic cells in the culture have been transfected with the gene
coding for the 5-HT1B receptor. It should be noted, however, that in addition to cholinergic
neurons in the culture, also GABAergic neurons might exhibit an increased expression of the
5-HT1B receptor (Figure 1F; see also below).

Riegert et al. Page 12

Brain Res Bull. Author manuscript; available in PMC 2009 April 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The finding (Figure 4A), that both the basal and the evoked release of ACh was unaffected by
the increased expression of the 5-HT1B heteroreceptor in HA1B/GFP treated cultures is not
surprising: these cultures, due to their origin - i.e., the fetal septal area which is free of
serotonergic cell bodies [34; 46] – should also be devoid of serotonergic neurons. Hence, due
to the absence of endogenously released 5-HT in the culture, a decrease in the basal and evoked
release of ACh should not be expected despite the increased expression of the 5-HT1B
heteroreceptor. Nevertheless Figure 4A also shows that the expression of the 5-HT1B receptor
in addition to GFP did not change the excitability and basic properties of those cholinergic
neurons, although we cannot completely rule out the possibility that, due to an insufficient
number of cells overexpressing these proteins, such effects might have been too small to be
detected.

The assumption that septal cells treated with the HA1B/GFP virus exhibit an increased
expression of functional 5-HT1B receptors is also supported by Figure 4B, which shows that
the inhibitory effect of the 5-HT1B agonist CP-93,129 was significantly more pronounced as
compared to cells treated with the GFP-virus only. However, the following points should be
kept in mind:

As evident from Figure 1F, also GABAergic neurons in the culture might exhibit an increased
expression the 5-HT1B receptor following treatment with the viral vectors. Since GABA release
has been shown to be inhibited via presynaptic 5-HT1B receptors in several brain regions [2;
6; 16; 59], it may be assumed that in HA1B/GFP-treated cultures, the presence of CP-93,129
more potently inhibits GABA release than in GFP-treated cultures. Since GABA, on the other
hand, has been shown to inhibit the release of ACh in various CNS regions via presynaptic
GABAB receptors [40; 41; 55], a decrease in the release of GABA should be equivalent to a
disinhibition of ACh release, thereby counterbalancing the inhibitory effect of the 5-HT1B
receptor agonist CP-93,129.

Nevertheless, even if questions remain to be answered, this in-vitro experiment showed that,
using a HSV-1 vector, it was possible to induce functional changes of the 5-HT1B
heteroreceptors in septal cell cultures that contained transfected cholinergic neurons.

4.2. Increased expression of 5-HT1B receptors in-vivo: septohippocampal cholinergic
neurons

Herpes simplex virus type 1 (HSV-1) is currently the most extensively used herpes virus for
purposes of gene transfer in-vivo [11;12;35] since it allows a reliable transfer of specific cellular
properties to defined brain structures. In addition, targeted gene transfer to adult animals avoids
compensations during postnatal development [25;36], often observed in knock-out (KO) mice
([10;24;37;49;51;52;58] for review see: [26]).

Following injection of the viral particles (GFP vector or HA1B/GFP vector, respectively) into
the medial septum/diagonal band of Broca, a sphere of virus-infected, GFP-positive cells
around the injection site was observed. In addition, a small but non-negligible gliosis or
inflammatory response (showing up as autofluorescence) appeared at the place were the guide
cannulae were lowered into the brain. Using immunostaining for HA, the epitope-tag of the
transfected 5-HT1B receptor (Figure 5), it was possible to demonstrate that following HA1B/
GFP vector injection, some of the GFP-positive cells were also labelled for HA and thus should
also overexpress the 5-HT1B receptor. Since not all of the GFP positive cells were stained with
the HA antibody it should be realized that (depending on the tissue depth) the HA antibody
(like any antibody) usually only labels cells on the tissue surface, whereas every GFP
expressing neuron throughout the tissue will exhibit its characteristic green fluorescence.
Finally, it was evident (Figure 6) that also (ChAT-positive) cholinergic cell bodies in the medial
septum/diagonal band of Broca were infected with the HA1B/GFP vector. Moreover, it should
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be emphasized that Neumaier’s group recently showed (see Figure 1 in: [4]) that stereotaxical
injection of the same viral vectors into the shell of the nucleus accumbens led to an expression
of the transgene mostly in medium spiny neurons of this region and subsequently – as confirmed
by western blots - to an overexpression of the HA-5-HT1B protein in the projection field of
these medium spiny neurons, the ventral tegmental area.

Thus our present results confirm that (1) it is possible to infect neurons of the medial septum/
diagonal band of Broca with this type of viral vector, and that (2) some of the infected neurons
are cholinergic. However, although a quantitative assessment was not possible, we noticed that
not all cholinergic neurons underwent transfection. Therefore, one may wonder whether the
number of injected viral particles was high enough. Recently, targeted gene transfer into the
ventral tegmental area (VTA) was studied using different combinations of viral concentration
and injection volumes [13] (see also [43]). These authors concluded that in the VTA the sphere
of transgene-expressing neurons was substantially larger with a 2 µl than with a 1 µl
microinjection volume, independent from the vector titer; in addition they underlined that
increasing the vector titer would simply cause more infections per cell rather than increasing
the number of infected cells [13]. In the present study, the titer of the vector was of 1 – 2 ×
108 I.U. /ml and a total of 4 µ l were injected at two depths of the medial septum/diagonal band
of Broca.

Although the HSV-1 mediated gene transfer seems to be neuron-specific, one of the most
important limitations of this technique is that it is difficult to design vectors that target specific
subtypes of neurons, although this problem is less important when the vector is injected in
more homogeneous structures. As the medial septum/diagonal band of Broca is the site of
origin of both cholinergic and GABAergic fibers projecting to the hippocampus [34;46], we
cannot exclude that some GABAergic projection neurons were also infected. This possibility,
which seems to occur following injection of the viral vector into the Nucleus accumbens [31;
42], was not tested in the present study, but the following points may be emphasized: (1)
Whereas several studies have shown that presynaptic 5-HT1B receptors inhibit the release of
GABA in various other brain regions [2;6;16;59], direct evidence is lacking for their occurrence
on GABAergic terminals in the hippocampus [55]. (2) Although the main effect of GABA on
septohippocampal cholinergic projection neurons seems to take place in the septal nuclei
themselves, there is also some evidence for the presence of inhibitory GABAB receptors on
cholinergic axon terminals in the hippocampus [40;41;55]. (3) Consequently, an increased
expression of 5-HT1B receptors on septohippocampal GABAergic projection neurons might
lead to a decrease in hippocampal GABA release and, in turn, to a disinhibition, i.e. a facilitation
of hippocampal ACh release. (4) In the present study, however, a decrease rather than an
increase of ACh release was observed (Figure 7A), suggesting that the enhanced expression
of 5-HT1B receptor in cholinergic projection neurons from the septum overruled a (still
possible) increased expression of the 5-HT1B receptor in GABAergic projection neurons. In
any event, however, the targeted expression of HA1B/GFP transgene expression in septal
neurons makes it very unlikely that 5-HT1B receptors arising from elsewhere (e.g. hippocampal
or dorsal raphe neurons) accounted for the increased potency of CP-93,129 on [3H]ACh release
from hippocampal slices.

4.3. Functional consequences of an increase in 5-HT1B receptor expression in
septohippocampal cholinergic neurons

In order to check whether the intraseptal injection procedure itself affected cholinergic
transmission in the hippocampus, ACh release data from hippocampal slices of the GFP group
were compared with those of rats that were not subjected to surgery (group CON; see Table
1). Surprisingly it was observed that both the spontaneous (b1-values) as well as the evoked
release of ACh (S1-values) were significantly lower in GFP as compared to CON rats. This

Riegert et al. Page 14

Brain Res Bull. Author manuscript; available in PMC 2009 April 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



difference suggests that the lesion resulting from our surgical procedures, and perhaps more
particularly from the guide cannula implantation, has damaged some septohippocampal
cholinergic afferents. On the other hand, the inhibitory effects of the 5-HT1B agonist CP-93,129
did not differ among GFP and CON groups, suggesting, that the 5-HT1B heteroreceptor
mediated modulation of hippocampal ACh release was unaffected by the surgery. Moreover,
these obervations clearly attest that the GFP group is the most appropriate control for the rats
that received the HA1B/GFP vector.

Three days following stereotaxic intraseptal injection with either GFP or HA1B/GFP viral
vectors, hippocampal slices of these two groups accumulated similar amounts of [3H]choline,
suggesting that the density of cholinergic afferents to the hippocampus was about similar. On
the other hand, it was observed that both the spontaneous (b1-values) as well as the evoked
release of ACh (S1-values) were significantly lower in HA1B/GFP treated as compared to GFP
treated rats (Figure 7A). This observation suggests, that endogenously released 5-HT arising
from raphé projections to the hippocampus inhibits the evoked release of ACh more effectively
in rats with increased 5-HT1B receptor expression on its septohippocampal cholinergic axon
terminals than in rats of the GFP group. This suggestion is supported by the higher potency of
the exogenous 5-HT1B receptor agonist CP-93,129 (Figure 7B) on the evoked release of ACh.
Our data thus confirm that intraseptal injection of the HA1B/GFP vector not only resulted in
transfection of septal cholinergic neurons, as demonstrated by the immunocytochemical
changes described above, but also affected the modulation of ACh release in the target region
of the septal projections, the hippocampus. Thus it has to be assumed that the density of
presynaptic 5-HT1B receptors on hippocampal cholinergic afferents of the HA1B/GFP group
is higher than in the GFP group. Since the concentration response curve of CP-93,129 was
shifted to the left but reached the same maximal inhibitory effect, the number of spare receptors
(the receptor reserve) might be increased by the transfection, although other explanations (e.g.
changes in affinity or improved coupling to signal transduction) are also possible. Thus, lower
concentrations of the 5-HT1B receptor agonist resulted in higher levels of inhibition of
hippocampal ACh release. Manipulating the level of 5-HT1B receptor expression may also be
relevant to pathophysiological phenomena, given the plasticity of 5-HT1B mRNA expression
levels that has been detected in various brain regions following behavioural stress exposure
[32]. Moreover, septal 5-HT1B mRNA levels may also be altered by various environmental
factors; indeed, an about 50% reduction in septal 5-HT1B mRNA in old (24 months) vs. young
(3 months) rats has been detected recently (J.F. Neumaier, personal unpublished data).

4.4. Conclusions
The present investigation shows for the first time functional consequences of an increased
expression of 5-HT1B heteroreceptors on septohippocampal cholinergic projection neurons.
In view of the suggested cholinergic-serotonergic interactions in learning and memory (see
Introduction), future experiments will now have to examine if an increased expression of 5-
HT1B heteroreceptors on septohippocampal cholinergic neurons is accompanied by
behavioural modifications, for instance in cognitive tests. However, especially with regard to
behavioural tests of cognition, which are always time consuming and often require experiments
extending over days and weeks, the present transfection technique, despite its regional
selectivity, may cause technical problems, because the increased expression seems to be only
transitory (see above). We want to emphasize, however, that transient expression of the viral
transfection vector has also clear-cut advantages: for instance, it may sensitize animals to
subsequent treatments with drugs of abuse, and, more generally, enable a powerful within-
subject approach of various integrated effects of an increased expression of 5-HT1B receptors,
as a control can be used before the transfection, and another one once the overexpression has
vanished.
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Abbreviations
ACh, acetylcholine
ANOVA, analysis of variance
ChAT, choline acetyltransferase
CNS, central nervous system
CP-93,129, 3-(1,2,5,6-tetrahydropyrid-4-yl)pyrrollo[3,2-b]pyrid-5-one
GAD67, glutamate decarboxylase 67
GFAP, Glial fibrillary acidic protein
GFP, green fluorescent protein
GR-55,562, 3-[3-(Dimethylamino)propyl]-4-hydroxy-N-[4-(4-pyridinyl)phenyl]benzamide
dihydrochloride
HA, hemagglutinin
HSV, herpes simplex virus
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Figure 1.
Typical examples of immunostained septal cell cultures under a confocal microscope. Cells
were immunostained with a Cy3-conjugated mouse antibody against glial fibrillary acidic
protein (GFAP), or an Alexa 568-conjugated mouse antibody against glutamate decarboxylase
(GAD67), respectively, at DIV14, three days after infection of the cultures with the GFP virus,
i.e. the viral construct expressing only GFP. In A or D cells expressing GFP, in B or E cells in
the corresponding fields expressing GFAP or GAD67, respectively, are shown. C and F
represent the corresponding merged pictures (A + B) or (D + E), respectively. The yellow color
in F indicates colocalization of the expression of GAD67 and GFP within the same cells (see
arrows).
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Figure 2.
Typical examples of immunostained septal cell cultures under a confocal microscope. Cells
were immunostained with a Cy3-conjugated antibody against Hemagglutinin (HA) at DIV14,
three days after infection of the cultures with the viral particles. A, B, C: cell cultures infected
with the GFP virus, i.e. the viral construct expressing only GFP (scale bar: 20 µm). D, E, and
F: cell cultures infected with the HA1B/GFP virus, i.e. the viral construct expressing both HA-
tagged 5-HT1B receptor and GFP (scale bar: 50 µm). In A and D cells expressing GFP, in B
and E neurons expressing (or not) the HA-tag are shown. C and F represent the corresponding
merged pictures (A + B and D + F, respectively). The yellow color in F indicates colocalization
of the expression of HA and GFP within the same cells (see arrows).
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Figure 3.
Microscopic aspect of ChAT immunostained septal cell cultures. At DIV 11, cells were
transfected with either the GFP (A to I) or the HA1B/GFP vector (J to L) (1 µl/1 ml). At DIV
14, cells were fixed and further rinsed in PB 0.1 M. Following fixation, cells were
immunostained with a Cy3-conjugated antibody against ChAT according to the protocol
described in the Methods section. A, D, G and J: GFP-positive cells in the septal cell cultures.
B, E, H and K: ChAT labelling at the same position as in pictures A, D, G & J, respectively.
C, F, I and L: merged pictures of A & B; D & E; G & H and J & K, respectively. The yellow
colour in C, F, I and L indicates colocalization of the expression of ChAT and GFP within the
same cells (see white arrow heads). Scale bars in A (50 µ m), D (20 µ m), G (10 µ m) & J (20
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µ m) are respectively valid for B & C; E & F; H & I and K & L. All pictures were taken using
a confocal microscope.
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Figure 4.
Electrically-evoked release of [3H]ACh and its 5-HT1B receptor mediated modulation in septal
cell cultures. Cells were preincubated with [3H]choline at DIV14, i.e. three days after infection
of the cultures with either GFP or HA1B/GFP viral vectors. Subsequently they were washed,
superfused continuously in the presence of hemicholinium-3 (10 µ M) and stimulated twice
by electrical fields (S1, S2: see methods). A: Accumulation of [3H]choline (in pmoles/cell
culture disc) into the cultured cells, as well as basal outflow of [3H] (b1 in % of cell culture
[3H]) and electrically-evoked overflow of [3H] at S1 (in % of cell culture [3H]) from the cultured
cells; means + S.E.M; n = number of slices. B: Effects of various concentrations of the 5-
HT1B receptor agonist CP-93,129 added before S2 on the evoked overflow of [3H]. Effects of
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CP-93,129 are shown as the ratio S2/S1 (in % of drug free controls) of the evoked [3H]overflows
elicited at the corresponding stimulation periods. Means ± S.E.M.; n = 9–31 per CP-93,129
concentration; *p<0.05; ***p<0.001 vs. correspondding controls; #p<0.05, ##p<0.01 vs.
corresponding value from GFP-virus treated cultures; for further statistics see Results.
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Figure 5.
Microscopic aspect of the septal region of the rat brain after immunostaining for hemagglutinin
(HA). Three days after intraseptal injection of either the GFP or the HA1B/GFP vector, the
brain was fixed and slices of the septal region were prepared for immunocytochemistry using
an immunostaining against HA. A, B, C: pictures from a brain infected with the GFP virus,
i.e. the viral construct expressing only GFP; D, E, and F: pictures from a brain infected with
the HA1B/GFP virus, i.e. the viral construct expressing both HA-5-HT1B (Hemagglutinin tag
+ 5-HT1B receptor) and GFP. A and D show cells expressing GFP, B and E show neurons
expressing the HA-tag. In C and F the corresponding pictures are merged (A + B and D + F,
respectively). The yellow color in F (not visible in C) indicates the colocalization of GFP and
HA expression within the same cells (see arrows).
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Figure 6.
Microscopic aspect of the septal region of the rat brain after immunostaining against choline
acetyltransferase (ChAT). Three days after intraseptal injection of the HA1B/GFP vector, the
brain was fixed and slices of the septal region were prepared for immunocytochemistry using
a Cy3 staining for ChAT positive cells. A: overview of the septal region (at two levels of
magnification: ×5 and ×20) showing numerous cells expressing GFP; notice also the light green
staining of the injection cannula track in the tissue (right side of the lower magnification
picture). B shows a cell expressing GFP at a higher level of magnification (see scale bar) and
C the same cell, but stained for ChAT. D represents the corresponding merged picture (B +
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C). The yellow colour in D indicates a colocalization of GFP and ChAT expression within the
same cell.

Riegert et al. Page 28

Brain Res Bull. Author manuscript; available in PMC 2009 April 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Electrically-evoked release of [3H]ACh and its 5-HT1B receptor-mediated modulation in rat
hippocampal slices. Three days after stereotaxic injection of either GFP or HA1B/GFP viral
vectors into the rat septal region in-vivo, hippocampal slices were prepared from the brains and
preincubated with [3H]choline. Subsequently they were washed, superfused continuously in
the presence of hemicholinium-3 (10 µM) and stimulated by electrical fields up to three times
(S1, S2, S3: see methods). A: Accumulation of [3H]choline (in pmoles/slice) into the
hippocampal slices, as well as basal outflow of [3H] (b1 in % of tissue-3H) and electrically-
evoked overflow of [3H] at S1 (in % of tissue-3H) from the hippocampal slices; means + S.E.M;
n = number of slices. B: Effects of various concentrations of the 5-HT1B receptor agonist
CP-93,129 added before Sn on the evoked overflow of [3H]. Effects of CP-93,129 are shown
as the ratio Sn/S1 (in % of drug free controls) of the evoked [3H]overflow elicited at the
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corresponding stimulation periods. Means ± S.E.M.; n = 19–20 per CP-93,129 concentration;
*p < 0.05, **p < 0.01 vs. group GFP; for further statistics see Results.
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Table 1
Comparison of hippocampal ACh release models in CON rats (no surgery) with rats (GFP-group) treated with
intraseptal virus injection: tissue accumulation of [3H], basal and evoked outflow of [3H], and effects of CP-93,129 on
the evoked overflow.

Parameter CON GFP

pmoles/slice 0.41 ± 0.01 0.40 ± 0.01

b1 (% of tissue-3H) 1.02 ± 0.02 0.82 ± 0.02***

S1 (% of tissue-3H) 1.87 ± 0.16 1.55 ± 0.06*

CP-93,129 concentration Effects of CP-93,129 (in % of controls)

0.01 µM 104.83 ± 1.54 98.44 ± 1.81

0.1 µM 86.13 ± 1.44 87.96 ± 2.25

1 µM 79.34 ± 2.03 75.59 ± 1.29

10 µM 71.89 ± 1.51 73.95 ± 2.17

Hippocampal slices of CON (47 slices) and GFP rats (60 slices) were preincubated with [3H]choline, superfused and electrically stimulated as described

in methods. The tissue accumulation of [3H] (in pmoles/slice), the basal [3H]outflow (in % of tissue-3H), as well as the electrically-evoked overflow of

[3H] at S1 (in % of tissue-3H) are given. The effects of the 5-HT1B receptor agonist CP-93,129 added before Sn are shown as the ratios (Sn/S1) of the

evoked overflows of [3H] elicited at the corresponding stimulations (in % of the respective drug-free control values); means (± S.E.M); statistics

*
p < 0.05

***
p < 0.001 vs. group CON (ANOVA, see Results section).
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