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SUMMARY 
     
One major function of the central nervous system is to create and control different movements 
of the individual. This is possible because of the motor neurons, of which γ-motor neuron is 
one subtype. The γ-motor neurons innervate the muscle spindle that lies within the skeletal 
muscles, responsible for sensing how much the muscle is stretched and to correct the changes 
to maintain a correct length of the muscle and thereby sustain the balance of the individual. A 
specific serotonin receptor called serotonin receptor 1d (Htr1d) is expressed in the γ-motor 
neurons and not in other motor neurons and is therefore of interest to examine. This study was 
based on identification of Htr1d mRNA using floating in situ hybridization. Tissue from wild 
type mice as well as transgenic mice, containing the Cre recombinase gene, was analyzed to 
investigate where in the brain and spinal cord the Htr1d mRNA was present. The results 
showed that Htr1d mRNA was present in several parts of the brain; for example piriform 
cortex, olfactory tubercle, some parts of the striatum, and in the molecular dentate gyrus. 
However, the in situ hybridizations performed to detect Cre mRNA did not show presence of 
Cre  in  the  same  locations  as  Htr1d, as expected, which may  be explained by the fact that 
not similar sections of tissue were used in the different experiments. Another part of the 
project was to detect the presence of the CRE protein by detecting the marker proteins LACZ 
and GFP. Studying the β-galactosidase activity to visualize LACZ, it was shown that the CRE 
protein probably is present in the brain cortex. The experiments where GFP and LACZ were 
examined using immunofluorescence showed no expression.  It  was  difficult  to get a clear 
opinion of the actual expression, since indications of mRNA expression were seen, while the 
protein did not seemed to be expressed. In the third part of this project, expression of other 
serotonin receptors was examined, which resulted in a conclusion that none of them, unlike 
Htr1d, are expressed in the motor neurons. 
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INTRODUCTION 
 
To understand the mammalian physiology and how the body can function with all its 
complexity has for a long time been, and still is, a challenge. Especially the central nervous 
system (CNS) with the large number of electric impulses is fascinating and very complex. 
Billions of neurons divided into hundreds of different sub-types are needed to form thousands 
of synaptic contacts (Dasen et al., 2005). All over the world, advanced and modern research is 
performed to give more and more information to further understand the way of how the brain 
and other parts of the nervous system function.  
 
The central nervous system and γ-motor neurons 
The central nervous system is composed of the brain and the spinal cord. It is important in all 
mammals in several different ways, of which one is to sense and coordinate different impulses 
from the surrounding environment, as well as signals from the different parts of the own body. 
One of the functions of the CNS is to create different types of behaviours, including 
movements. The ability to initiate a movement is possible because of the specific type of 
nerve cells called motor neurons. These cells have the cell bodies in the CNS and the 
information from the brain and spinal cord is transported to the muscles via the motor 
neurons, whose axons are prolonged into the periphery. The motor neurons are relatively large 
in size, compared with other neurons, with a diameter of 75 µm and axons as long as 1 meter 
in humans (Wolpaw, 2001). 
 
The motor neurons are divided into three different sub-types; α- β- and γ-motor neurons. The 
α-motor neurons are the most common type and innervate extrafusal (i.e. force-generating) 
muscle fibres, which stimulates muscle contraction that lead to movement. β-motor neurons 
innervate both the extra- and intrafusal muscle fibres. About a third of the motor neurons in a 
motor neuron pool consist of γ-motor neurons (Friese et al., 2009). The γ-motor neurons can 
be distinguished from α-motor neurons by their size since the γ-motor neurons are much 
smaller. Another difference is that the γ-motor neurons do not receive direct synaptic input 
from proprioceptive sensory afferents, which gives information about body position, as the α-
motor neurons do (Eccles et al., 1960). The  γ-motor neurons are responsible for innervating 
the intrafusal muscle fibres, also referred to as the muscle spindle.   
 
The muscle spindle 
The muscle spindle is a mechanosensory organ within skeletal muscles that senses the 
stretching of the muscle and sends this information to the CNS. The muscle spindle (Figure 1) 
is innervated by both the γ-motor neurons and the β-motor neurons. The signals from all 
muscle spindles help the CNS to coordinate movements that need fine adjustments and to 
maintain the balance of the individual when walking or performing other types of movements. 
In studies using cats to illustrate the importance of the γ-motor neurons and the muscle 
spindle, it was shown that the γ-motor neurons have a higher activity when the cat is walking 
on a narrow beam, when the need of balance is more important, compared to when the cat was 
walking on the plane floor (Kandel et al., 2000). The muscle spindle also receives sensory 
innervation via group I and group II afferents, nerve cells that lead impulses from the muscle 
to the central nervous system. 
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Figure 1. The muscle spindle. Schematic illustration of an α-motor neuron as well as γ-motor neurons that sends 
signals from the spinal cord to the muscle. The α-motor neuron innervates the extrafusal muscle fibres, and the 
γ-motor neurons innervate the muscle spindle within the skeletal muscle. Group I and II afferents lead impulses 
from the muscle to the CNS. 
  
Serotonin and serotonin receptors 
Serotonin (also known as 5-HT) is a monoamine and one of the oldest known 
neurotransmitters (Hoyer et al., 2002). It is involved in several processes in the development 
of neurons (Gaspar et al., 2003; Bonnin et al., 2006). The neurons producing 5-HT are mainly 
found in the Raphe nuclei (Figure 2) in the brainstem (Hornung, 2003), although the main 
place where the neurotransmitter has its action is in the gastrointestinal tract (Lychkova, 
2007). 5-HT is involved in many conditions, such as mood, pain and blood pressure (Xu et 
al., 1999). Because of this, the 5-HT levels need to be stable, because disturbances of 5-HT in 
the blood concentration can lead to depression or other mental effects, such as attention-
deficit hyperactivity disorder (ADHD) (Li et al., 2006). The 5-HT proteins bind to special 
serotonin receptors; there are 15 different types of serotonin receptors (Bonnin et al., 2002) 
divided into several sub-classes. The mouse serotonin receptor 1 sub-class includes, among 
others, HTR1A, HTR1B, HTR1D and HTR1F (Bonnin et al., 2006). 
 

 
Figure 2. Sagittal section of the mouse brain.  
 
Serotonin receptor 1d 
One serotonin receptor is the G-protein coupled serotonin receptor 1d (HTR1D), which by in 
situ hybridization is known to be expressed only in the γ-motor neurons and not in any of the 
other motor neurons. Unpublished data obtained at the Department of Neuroscience, Uppsala 
University (A. Enjin and K. Kullander, personal communication) has shown that Htr1d 
knock-out mice show changes in movements, which makes it likely that the γ-motor neurons 
and the HTR1D receptor are involved in the uncharacteristic behaviour. Otherwise, this 
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receptor is not very well known and not much studied, and it would be of interest to 
investigate whether this receptor also is expressed in other locations. 
 
The Htr1d-CreL86P;TaumGFP mouse 
To be able to observe the Htr1d mRNA in another way, a mouse model has been used that 
expresses the Cre recombinase from the Htr1d promoter. This way the CRE protein should be 
expressed in the same cells as HTR1D. CRE is used as a marker protein to detect in which 
cells HTR1D is present. The Cre gene was inserted into the genome using Cre/lox technology 
(Hoess and Abremski, 1985), which is a very efficient tool for site-specific genome 
engineering (Feil, 2007). This Cre mouse, which was known to accidentally have an L86P 
mutation, was bred together with a mouse line called TaumGFP, which has a general nerve cell 
promoter, Tau, then a stop codon and a green fluorescent protein (Gfp) gene and a gene 
encoding β-galactosidase, LacZ. The offspring is therefore called Htr1d-CreL86P;TaumGFP. On 
each side of the stop codon there is a specific loxP site that will be recognized by the CRE 
recombinase, which then cuts off the stop codon and enables both GFP and LACZ to be 
expressed. Both these proteins can be used as markers to detect whether CRE is present in the 
cells or not. This procedure is schematically explained in Figure 3 below. 
 

A) Htr1d-Cre mouse 

 
 

B) TaumGFP mouse 

 
 

C) Htr1d-CreL86P;TaumGFP mouse 
 

⇒  
 
 
 
 
 
Figure 3. Genetics of the Htr1d-CreL86P;TaumGFP mouse. The Htr1d-Cre mouse has a Cre gene inserted behind 
the Htr1d promoter (A). The TaumGFP mouse has a general nerve cell promoter and genes encoding GFP and 
LACZ. However, none of the genes for those proteins is expressed because of the stop codon, which has a site, 
loxP, for Cre on each side (B). A crossbreed with an Htr1d-Cre mouse and a TaumGFP mouse gives the offspring 
expression of Cre that will cut at the loxP sites and thereby enable expression of GFP and LACZ. This will only 
take place in cells expressing Htr1d, since CRE only is present in those cells (C). GFP and LACZ should be 
expressed only in the Htr1d cells.  
 
In situ hybridization 
One way of detecting if a gene is expressed is to use in situ hybridization, a method when the 
transcribed mRNA from the gene of interest is detected. This method enables the experiment 
to be performed directly on the tissue that you want to analyze, after a few preparation steps. 
In situ hybridization can be performed in different ways. One way is to have floating sections 
of the tissue. Other in situ hybridization techniques are, for example, to use frozen sections or 
whole mount embryos. However, the general principle is to have prepared tissue that you 
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want to analyze, and add a labelled mRNA probe that will match perfectly to your mRNA of 
interest and can be detected by using immunological methods. 
 
Aim 
The aim of this project was to investigate the expression pattern of serotonin receptor 1d in 
the adult mouse brain. This area had not been studied before and it is of importance to map 
the complete expression. With knowledge in this, it is possible to further study the importance 
of the serotonin receptor. Another aim was to see if the expression of the CRE protein behind 
the serotonin receptor was correct. This transgenic mouse model was used in other 
experiments where GFP and LACZ were used as genetic markers to examine the Htr1d 
expression. 
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RESULTS 
 
To investigate the Htr1d expression in the mouse brain and spinal cord, wild type mice tissue 
and tissues from transgenic mice expressing marker proteins only in the Htr1d cells, were 
used. The presence of the mRNA and protein was detected using in situ hybridization and 
immunofluorescence. 
 
Genotyping 
The transgenic mice that were used were first genotyped using PCR (Polymerase Chain 
Reaction) to confirm that they had the correct gene insertions and could be used for the 
experiment. The PCR was performed using gene specific primers, and the result was analysed 
on a 2 % agarose gel together with a 1kb DNA ladder. The results from the PCR showed that 
four of the animals were Cre positive, while all five animals were positive for Gfp (Figure 3). 
The double positive animals were used further in the experiment. According to the used DNA 
ladder, the Cre gene has the expected size of 189 base pairs and the Gfp gene the size of 364 
base pairs.  
 

   
Figure 3. Genotyping of possible Cre and Gfp positive mice. 0.5 µl of each sample was mixed with 19.5 µl of a 
mastermix containing PCR buffer, MgCl2, dNTP, primers, Taq Polymerase and autoclaved H2O, before they 
were amplified using PCR. The PCR products were run on a 2% agarose gel to confirm presence of the genes. 
Sample number 6 and 7 are positive and negative control, respectively.  
 
DNA template preparation 
Plasmids containing the gene of interest, which is Htr1a, Htr1b, Htr1d, Htr1f and Cre, 
respectively, were purified and used to make DNA amplicons. From these amplicons RNA 
probes were made and used to detect the mRNA expression of each gene in mouse brain and 
spinal cord tissues. The DNA was measured using the NanoDrop technology to determine the 
concentration and to confirm the purity (Table 1). As an additional way of measuring the 
purity, the DNA amplicons were run on an agarose gel (data not shown), which showed clear 
bands,  although unfortunately a band representing bacterial RNA contamination also was  
present.  
 
Table 1. Concentration of the DNA amplicons. 

DNA amplicon Concentration (ng⋅ µl-1 ) Absorbance ratio 

  260/280 260/230 

Htr1a 1933.5 2.08 2.52 

Htr1b 3261.6 2.03 2.43 

Htr1f 4474.1 1.91 2.25 

Cre – probe 294.8 1.88 2.25 

Cre – sense probe 496.8 1.86 2.28 

  1.        2.        3.        4.         5.        6.        7.                               1.         2.        3.         4.         5.        6.      7. 

                Cre                 Gfp 

 
 
  500 bp 
 
  300 bp 
 
  75 bp 

     1kb DNA ladder 
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The DNA amplicons thereafter were used as templates in in vitro transcription to generate 
RNA probes. The probes were labelled with DIG or FITC to make them possible to detect 
when performing the in situ hybridizations.  
 
In situ hybridization 
The constructed probes were used to detect mRNA (Htr1d or Cre) in the brain and spinal cord 
of adult wild type mice, as well as Cre positive mice. The probe Htr1d bound to different 
regions in the wild type mouse brain (Figure 4). The results suggest that Htr1d mRNA was 
present in the piriform cortex, olfactory tubercle, striatum (some parts), septofimbrial nucleus, 
septohypothalamic nucleus, ventral pallidum and molecular dentate gyrus.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Htr1d mRNA presence in wild type (C57BL/6) mice. Floating in situ hybridization was performed 
with an Htr1d mRNA specific probe on different sections from wild type mice to get an opinion of the Htr1d 
expression. The sections here are from rostral (A and B) or medial parts (C and D) of the brain.  
 
Another in situ hybridization experiment, using a probe that binds the Cre mRNA, was 
performed on Htr1d-CreL86P;TaumGFP tissue (Figure 5). The Cre was found to be present in 
regions in the brain, such as the piriform cortex, hippocampus, septofimbrial nucleus, red 
nucleus and interstitial nucleus. In the most caudal part, towards the brain stem, expression 
was visible in the ventral part (indicated with arrows in Figure 5).  
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C.  D. 

Figure 5. Cre mRNA presence in the 
mouse brain. In situ hybridization using a 
probe specific for Cre mRNA, was 
performed on Htr1d-CreL86P;TaumGFP 
sections from different parts of the brain to 
give an as close picture as possible of 
where in the brain Cre mRNA was present. 
Here, (A) is a section from the rostral part 
of the brain, (B) represents the medial part 
of the brain, while (C) is taken from a more 
caudal part, and (D) is from the upper part 
of the brainstem. 
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To be sure that the staining represented specific Cre binding and not background staining, a 
negative control consisting of wild type tissue with the Cre probe (Figure 6) was performed. 
 

 
Figure 6. Wild type sections stained with the Cre probe. Since there are no Cre genes in the wild type tissue, no 
staining should be visible after the in situ hybridization. To see the expression of both rostral (A) and caudal (B) 
parts of the brain, different sections have been selected for the experiment. (C) is a close-up of the expression in 
the molecular dentate gyrus in the hippocampus in (B). 
 
The wild type tissue (Figure 6) showed bound Cre probe in the piriform cortex and in 
molecular dentate gyrus in the hippocampus, even though the Cre probe should not bind 
anything in the wild type sections, since there was no matching mRNA there. The probe must 
have bound non-specifically to these parts of the tissue. The staining was, however, much 
more convincing in the Htr1d-CreL86P;TaumGFP tissue than in the wild type tissue. However, 
the fact that the wild type was stained indicates that the Cre staining was not specific.  
 
Since the wild type tissue bound the Cre probe in unexpected locations, the wild type tissue 
was tested using a positive control probe, VAChT (Vesicular AcetylCholin Transporter,) that 
has a known expression pattern (Figure 7). It has been established previously that VAChT is 
expressed in olfactory tubercle, caudate-putamen, the medial septal nucleus, the vertical and 
horizontal limbs of the diagonal band and in the nucleus basalis (Roghani et al., 1994). If 
VAChT would not bind and stain properly, it is a sign that something is not right with the 
tissue. Here, VAChT bound to the regions hippocampus, piriform cortex and medial habenular 
nucleus. This also indicates a lot of non-specific binding. 
 

 

 
 
Figure 7. VAChT mRNA presence in wild type mouse brain tissue. A VAChT probe was used on wild type brain 
tissue. The caudal part (A and B), as well as the medial part (D), shows regions expressing VAChT mRNA. (C) is 
a close-up of (B), and (E) and (F) are close-ups of the expression shown in (D). 
 
As a final control experiment, the sense probe for the Cre gene was tested on the Htr1d-
CreL86P;TaumGFP tissue (Figure 8). The sense probe is complementary to the probe, which 
means that it is an exact copy of the actual mRNA, and this means that this probe is incapable 
of binding at all. However, the sense probe has bound to several parts of the brain; parts of the 

  B.  A.   C. 

  D. E. F. 

A. B. C. 
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striatum, the piriform cortex, hippocampus, and cortex. This was most probably due to 
background staining. Since the sense probe also gave rise to staining, part of the expression of 
Cre shown on Htr1d-CreL86P;TaumGFP tissue may also be non-specific staining.   
 
 

  

 

 

   
Figure 8. Negative control for Cre mRNA expression. The sense probe for Cre mRNA was used on Htr1d-
CreL86P;TaumGFP tissue. Sections from the rostral (A), medial (B and C) and caudal (D) parts of the brain were 
used in the in situ hybridization.  
 
In situ hybridization was also performed on mouse spinal cord tissue (Figures 9 and 10), as 
another part of the project. I wanted to see if the Cre mRNA was present in the same parts of 
the spinal cord as Htr1d mRNA, which previously has been shown to be present in the γ-
motor neurons. The tissue from an Htr1d-CreL86P;TaumGFP mouse was compared with the 
expression pattern of serotonin receptor 1d in the wild type mouse (Figure 9). The expectation 
was that both sections would show the same presence of mRNA, which also was the case, as 
staining was visible in the ventral part of the spinal cord (see arrows in Figure 9). 
 

 
 
Figure 9. Cre and Htr1d mRNA expression in the spinal cord. Sections of the spinal cord of Hr1d-
CreL86P;TaumGFP mouse (A) treated with Cre probe compared with Htr1d mRNA expression in wild type mouse 
(B). Arrows indicate the expression in the γ-motor neurons in the ventral parts of the spinal cord in both sections. 
 
The fact that the sections were similarly stained indicates that the Cre mRNA was expressed 
in the Htr1d cells as expected. As a comparison with the Htr1d expression, also the 
expression of three other serotonin receptors, serotonin receptor 1a, 1b and 1f, were analysed 
on spinal cord sections (Figure 10). This was carried out to determine whether also the other 
serotonin receptors were expressed in the motor neurons, which did not seem to be the case, 
according to Figure 10. 
 

A. B. 

C.  D. 

A. B. 



- 12 - 

 
 

     
Figure 10. Expression of serotonin receptors 1a, 1b and 1f in the mouse spinal cord. In situ hybridization using 
probes for the Htr1a, Htr1b and Htr1f mRNA on wild type tissue showed the mRNA expression of the serotonin 
receptors in the spinal cord. (A) and (D) show the expression of Htr1a, (B) and (E) show the Htr1b expression, 
and (C) and (F) illustrate the Htr1f expression. 
 
Detection of β-galactosidase activity 
Brain sections from individuals containing the Cre recombinase gene were exposed to X-gal 
to detect the β-galactosidase, or LACZ, protein, which indicated in which cells the Cre 
recombinase was present. From Figure 11 it can be seen that LACZ was expressed in the 
cortex, and the close-up picture (Figure 11 F) shows that individual cells were stained.  
 

  
 
Figure 11. Presence of the LACZ protein in Htr1d-CreL86P;TaumGFP mice. LACZ should be expressed in the cells 
where the Cre recombinase is present. X-gal was added to the sections to detect LACZ that will, if it is present, 
hydrolyze X-gal to a detectable coloured product. (A) shows a section from the rostral part of the brain, and (B-
E) are sections from more caudal parts, and (F) is a close-up of the expression in the cortex seen in (E). 
 
The LACZ protein seemed to be expressed in the cortex. However, Cre mRNA was present in 
other parts of the brain, according to the in situ hybridizations. It is difficult to say how much 
of the staining that was similar between the Cre mRNA and the LACZ protein, because the 
sections  in  the  two  experiments  did  not  originate from the same parts of the brains. The 

A.  B.      C. 

D.  E. F. 

  B.  A.   C. 

 D.   E.   F. 
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sections used to detect β-galactosidase activity were from regions more caudal in the brain, 
while the sections used in the in situ hybridizations were more rostral. The LACZ stained 
cortex was not present on the sections on which in situ hybridization was performed, since 
those sections were from more rostral parts of the brain. This makes Figure 11 A most 
relevant to compare with the mRNA expression, and there it is no protein expression at all.  
 
Immunofluorescence to detect GFP and LACZ 
To detect the marker proteins LACZ and GFP, immunofluorescence was performed on spinal 
cord tissue from Htr1d-CreL86P;TaumGFP mice. Antibodies specific for the GFP protein or 
LACZ protein, respectively, were used to detect where in the spinal cord the proteins were 
present (Figure 12). In principle, these proteins should be present in the γ-motor neurons. 
However, neither of the two proteins seemed to be present in the tissue. The weak colouring 
was due to background staining and did not correspond to occurrence of the protein. 
 

   
Figure 12. Immunofluorescence study to detect GFP and LACZ. Primary antibodies (chicken anti-GFP and 
rabbit anti-β-Gal or chicken anti-β-Gal and rabbit anti-GFP) specific for GFP and LACZ were added to sections 
from the Htr1d-CreL86P;TaumGFP mouse. Conjugated secondary antibodies (goat anti-rabbit IgG and goat anti-
rabbit IgG) were then added to detect the primary antibodies, and were detected using a fluorescence microscope 
to see presence of GFP (A) and LACZ (B).  

A.  B. 
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DISCUSSION 
 
Presence of serotonin receptor 1d mRNA in wild type mouse brain 
The results from the in situ hybridization performed using the Htr1d probe on wild type 
sections, to see where in the mouse brain the Htr1d receptor was expressed, showed 
convincing staining in the piriform cortex, olfactory tubercle, striatum, septofimbrial nucleus, 
septohypothalamic nucleus, ventral pallidum and molecular dentate gyrus. It is easy to get 
background staining and sometimes it is difficult to determine whether it is real staining or 
not. As a comparison, Bonnin et al. show a study with partly overlapping results (Bonnin et 
al., 2006) where they present results that indicated Htr1d presence in amygdala, striatum, 
hippocampus, dentate gyrus, piriform cortex and cortex. This increases the likelihood of 
having specific staining in the piriform cortex, dentate gyrus and striatum, in this study. I 
could not see any staining in the cortex, as Bonnin et al. did. However, this can be explained 
by the fact that my sections came from parts of the brain not caudal enough to include the 
cortex. In another study (Bonaventure et al., 1998), the expression of Htr1d in brain in guinea 
pig was investigated. There they could see high levels of Htr1d expression in structures as 
dorsal raphe, olfactory tubercle, the piriform cortex, the entorhinal cortex, the cerebellum and 
the trigeminal ganglion. Also in comparison with these findings, my results seem to agree, at 
least when it comes to structures such as olfactory tubercle and the piriform cortex. 
 
Cre mRNA expression in the brain 
When I performed in situ hybridization on Htr1d-CreL86P;TaumGFP tissues using a Cre probe, 
it was expected to give a similar expression pattern as Htr1d, since the two genes should be 
expressed in the same cells. The piriform cortex was stained with both probes. However, the 
Cre mRNA seemed to be present in hippocampus and in the caudal part in the brainstem. At 
least a few sections were from the corresponding parts of the two brains, and almost no 
overlapping staining was visible. A possible explanation for why the staining patterns differed 
is that the Cre probe bound non-specifically to the hippocampus, a region that is known to 
easily stain non-specifically. The wild type sections, which were used as a negative control, 
are not supposed to be stained at all by the Cre probe. However, some bound probe was 
shown, also on these sections, in the piriform cortex and hippocampus. This must be due to 
non-specific binding of the probe, which means that some of the staining visible in the 
hippocampus of the Cre tissue also may be non-specific. Another negative control was the 
Cre sense probe, which should not be able to bind. However, it did bind non-specifically. This 
is most probably non-specific staining, because of two reasons; first, the probe is not 
supposed to be able to bind at all, and second; the staining was visible very soon and is 
equally divided over the entire brain. This is a phenomenon that can happen when using sense 
probes, although the reason why it appears is not known.  
 
Cre mRNA presence in the spinal cord 
There were similarities between the Cre staining and the Htr1d staining in the Htr1d-
CreL86P;TaumGFP spinal cord tissue. Earlier studies in the Department of Neurobiology at 
Uppsala University (A. Enjin and Klas Kullander, personal communication) have shown that 
Htr1d is expressed in the motor neurons, in the ventral part of the spinal cord; this is also what 
was expected for the Cre mRNA. Since the Cre expression in the spinal cord is convincing 
and shows staining in expected areas, it seems unlikely that the expression in the brain is not 
similar as the expected expression pattern. For some still unknown reason, the mRNA appears 
not to be correctly expressed in the brain.  
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Detection of the marker proteins GFP and LACZ  
A possible explanation for the lack of agreement between this work and earlier publications 
could be that the sections did not came from the same parts of the brain, as most of the 
sections I have used came from more rostral parts of the brain. The same may be true for the 
β-galactosidase experiment. It is a bit difficult to compare the sections from the β-
galactosidase experiment with the Htr1d mRNA staining performed with in situ hybridization, 
since the sections used for β-galactosidase detection mainly were from more caudal parts of 
the brain. In addition, the β-galactosidase activity test is not a very qualitative method and 
was only used as a complement to immunofluorescence to get a fast opinion of the level of 
expression.However,at least one section from the X-gal staining was from a more rostral part 
of the brain, and here it would be expected to have a protein expression pattern that looked like 
the Htr1d mRNA expression. An important aspect to keep in mind is that when performing 
the in situ hybridization, it is the mRNA that is detected, whereas in the β-galactosidase 
staining it is the presence of the protein, the actual mRNA product, that is detected. The 
differences in expression can be a sign of a correctly expressed and functional Cre mRNA, 
although the protein is not expressed at all, or, alternatively, expressed but not functional. If 
the CRE protein is not working correctly, its ability of cutting off the stop codon can be 
affected, which results in no GFP and no LACZ.  
 
Also another protein detection method was used to detect the presence of protein, 
immunofluorescence. In that case the target protein was GFP or LACZ. The existence of GFP 
was determined using immunofluorescence, when a primary and a secondary antibody are 
used to bind the tissue and are detected using a fluorescent microscope. Interestingly, also this 
experiment did show no significant staining, which is another occurrence that supports the 
hypothesis of a non-functional CRE protein. If the GFP protein still can be expressed, it can 
have some modification that will not allow the antibody to bind. It seems surprising that, if 
the β-galactosidase experiment gives staining, no expression is detected using 
immunofluorescence. This indicates that the demonstrated staining maybe just is background 
staining. The experiment was also repeated, and the same result was obtained.  
 
Another possibility, and maybe the most likely, is that the CRE protein is not expressed 
correctly and therefore can not cleave on the right positions to enable expression of the Gfp 
and LacZ genes. From sequencing the genome of the Htr1d-CreL86P;TaumGFP mouse, it was 
known that it had a mutation in the Cre gene, and that can be the reason why the protein was 
not functional. The mutation (L86P) has changed the amino acid leucine to a proline at the 
amino acid position 86. The proline changes the direction of the peptide backbone in the 
protein, and it is likely that the change in amino acid also change the folding of the protein. 
This can be an explanation to why the mRNA seemed to be present and the protein was not. 
 
mRNA expression of other serotonin receptors  
In the experiment where the expression of serotonin receptor 1a, 1b, and 1f were studied, it 
was seen that there were no direct overlap with the serotonin receptor 1d. Repeated research 
on this showed no expression at all. However, some staining was visible, but that was mainly 
in the dorsal regions which was not where the motor neurons are located. No clear expression 
in the ventral parts indicated that the serotonin receptors 1a, 1b and 1f most likely were not 
expressed in the motor neurons. This is also an interesting result, which indicates that only the 
Htr1d is expressed in the motor neurons and therefore the other serotonin receptors are most 
likely not as involved in the motor activities. Since the ability to move is essential, it is 
interesting that only one serotonin receptor is expressed in the motor neurons. A possible 
event is that if Htr1d is absent, some of the other serotonin receptors will compensate for that 
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by being expressed in the motor neurons. To see if that is the case, in situ hybridizations using 
serotonin receptor 1a, 1b and 1f probes on Htr1d knock-out tissue will later be performed. 
 
Future prospects 
It is, however, of interest to continue to map the complete serotonin receptor expression in the 
mouse brain. Then it will be easier to compare the results with findings of other groups. Of 
course, the more knowledge that is possible to get concerning the different serotonin 
receptors, the easier it will be to be able to further understand how diseases connected to 
serotonin level disturbances can arise and how they are developing. Therefore, it is also an 
interesting future work to further study the behaviour of the Htr1d  knock-out mice.  To  get 
more information about the GFP and LACZ proteins another Cre mouse, without the 
mutation, will be created to determine whether it is only the mutation that affects the function 
of the protein. 
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MATERIALS AND METHODS 
 
Mice 
For studying the expression of Htr1d, wild type C57BL/6 mice in the ages 14 to 21 days were 
used, and to determine the expression pattern of Cre mRNA, Htr1d-CreL86P;TaumGFP mice 
were used. This mouse is an offspring of a mouse that has a Cre gene inserted behind the 
Htr1d promoter and a mouse expressing Gfp and LacZ behind a general nerve cell promoter, 
Tau. All the performed animal procedures were approved by the appropriate local Swedish 
ethical committee (permit C156/4).                                                                                                                                                            
 
Bacteria and plasmids 
Escherichia coli bacteria (strain DH5 alpha), whereof some were a kind gift from Pat Levitt at 
the Vanderbilt University (Bonnin et al. 2006), were cultured over night at 37 ºC in 2 ml 
Luria Bertani (LB) medium with an ampicillin (Sigma-Aldrich, Stockholm, Sweden) 
concentration of 100 µg⋅ml-1. The E. coli cells contained plasmids, sub-cloned with the 
different genes encoding the proteins of interest, which are shown in Figure 13. The Cre gene 
was inserted in a pcDNA3 vector, the Htr1d gene in a pT7T3D-Pac vector, and the remaining 
serotonin receptor1 genes in pSTBlue1 vectors. The different plasmids that were used are 
listed in Table 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Maps of plasmids purified from Escherichia coli bacteria and used for creating templates and probes 
used in the in situ hybridization. The plasmids have genes encoding an origin of replication, ampicillin 
resistance, promoter and cleavage sites for the restriction enzymes used to cut the templates. The vector pcDNA3 
was used to express the Cre gene, Htr1d was expressed in a pT7T3D-Pac vector, and the other Htr1 receptors 
were cloned into pSTBlue1 vectors (here shown with Htr1a). 



- 18 - 

Table 2. Plasmids. 

Plasmid Relevant properties Source (reference) 

pCre1 pcDNA3 with Cre gene expressed from SP6 
promoter; AmpR 

This laboratory 

pHtr1d pT7T3D-Pac with part of Htr1d (base pairs 1652-
2842) expressed from T3 promoter; AmpR 

Invitrogen cat. no 
BMAP002 

pHtr1a pSTBlue12 with part of Htr1a (base pairs 1103-
1841) expressed from T7 promoter, AmpR 

Pat Levitt (Bonnin et 
al., 2006) 

pHtr1b pSTBlue12 with part of Htr1b (base pairs 95-856) 
expressed from SP6 promoter, AmpR 

Pat Levitt (Bonnin et 
al., 2006) 

pHtr1f pSTBlue12 with part of Htr1f (base pairs 451-
1060) expressed from T7 promoter, AmpR 

Pat Levitt (Bonnin et 
al., 2006) 

1 Cre gene (accession number AY056050) cloned in this laboratory behind the SP6 promoter 
(see Figure 13) in pcDNA3 vector (Invitrogen) 

2 Novagene 
 

Genotyping 
A small piece (1-2 mm) of the tip of the mouse tail was cut off and treated with 75 µl of a 
buffer containing 25 mM NaOH and 200 µM EDTA and heated at 95ºC for 45 minutes. The 
samples were then put on ice for a few minutes, and 75 µl of another buffer containing 40 
mM Tris-HCl (pH 8.0) was added. The reaction for the PCR was prepared by making a 
master mix consisting of (per sample): 13.1 µl autoclaved distilled H2O, 2 µl PCR buffer 
(PerkinElmer, Upplands Väsby, Sweden), 1.2 µl 25 mM MgCl2 (Roche, Stockholm, Sweden), 
1 µl dNTP (Fermentas, Helsingborg, Sweden), Taq Polymerase (cloned and purified at the 
Department of Neuroscience, Uppsala University), and 0.1 µl of forward and reverse primers 
(MWG, Ebersberg, Germany) respectively. The used primers are listed in Table 3. 
 
Table 3. Primer sequences.  

Gene Primer direction Primer sequence (5’→  3’) 

Cre Forward CTGTGCTCCGTCCTGATGTA 

 Reverse CAGGTTTTGGTGCACAGTCA 

Gfp Forward CCTACGGCGTGCAGTGCTTCAGC 

 Reverse CGGCGAGCTGCACGCTGCGTCCT 
 
The PCR was performed according to the following programme: 2 minutes at 95 ºC, 30 
seconds at 95 ºC, 1 minute and 20 seconds at 60 ºC, and 1 minute and 15 seconds at 72 ºC. 
Step 2-4 were run for 30 cycles, followed by 6 minutes at 72 ºC and 20 seconds at 20 ºC. The 
PCR products with 2 µl 10× orange loading buffer (Fermentas) and 3 µl GeneRulerTM 1 kb 
DNA ladder Plus (Fermentas) were loaded onto a 2% agarose (Cambrex, Karlskoga, Sweden) 
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gel in Tris-acetate-EDTA (TAE) (40 mM Tris-Base, 1 mM EDTA, pH 8.0, 0.2% glacial 
acetic acid in water) buffer to be analyzed.  
 
Tissue processing 
Perfusion 
Tissues to be used for free floating in situ hybridization were prepared from wild type mice 
C57BL/6 as well as Htr1d-CreL86P;TaumGFP mice in ages from 14 days to 21 days. The 
animals were anaesthetised with 0.2-0.5 ml of a mixture with equal volumes of Ketalar® (10 
mg⋅ml-1) (Pfizer, Sollentuna, Sweden) and Domitor® Vet. (1 mg⋅ml-1) (Orion Pharma, 
Sollentuna, Sweden) via intraperitoneal injection. The mice were perfused using PBS 
(phosphate buffered saline) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.4 mM 
KH2PO4) and 4% formaldehyde (Histolab, Gothenburg, Sweden), and the spinal cord and 
brain were dissected out and postfixed in 4% formaldehyde.  
 
Sectioning 
The tissues were cast in 4% agar before they were sectioned in 60 µm (for spinal cord) or 70 
µm (for brain) thick coronal sections using a Leica VT 1000S Vibratome and collected in 
RNase free PBS, and thereafter dehydrated in 10 minutes washes in 25%, 50% and 75% 
methanol (Scharlau, Barcelona, Spain) in PBT (PBS with 0.1% Tween-20, (MP Biomedicals, 
Illkirch, France)), before they finally were stored in 100% methanol at -20ºC. 
 
Plasmid preparation 
1.5 ml of the overnight cultures of plasmid-carrying bacteria was spun down (10000 × g, 10 
seconds) in an Eppendorf centrifuge, and the cell pellet was vortexed, before 300 µl TENS 
buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 0.1 M NaOH, 0.5% SDS (sodium dodecyl 
sulphate) (ICN Biomedicals, Illkirch, France)) was added and the cells further shortly 
vortexed. To the solution 150 µl 3.0 M NaAc, pH 5.2 (Merck, Whitehouse, USA), was added 
and another short mixing using vortex was performed, before a centrifugation step of 2 
minutes at 10000 × g. The supernatant was transferred to a new Eppendorf tube and 900 µl 
96% ethanol (Solveco, Rosersberg, Sweden) was added and after mixing by inverting the 
tubes, a centrifugation for 5 minutes at 10000 × g was performed. The supernatant was 
discarded and the pellet was washed with 70% ethanol (Solveco) by a 2 minutes spin before 
the pellet was dried, whereafter it was resuspended in 30 µl MilliQ water (Htr1a, b, f) or 
water containing RNase A (100 mg⋅ml-1) (Cre) and run on a 1% agarose gel for analysis.  
 
DNA template preparation 
The plasmid DNA was cleaved at 37 ºC, for about three hours using 5.5 µl MilliQ-H2O, 4 µl 
buffer (Fermentas) and 0.5 µl enzyme (Fermentas) (for Cre) or 4 µl enzyme (for Htr1a, b, f). 
The buffers and enzymes (all the time kept on ice) for each cleavage are presented in Table 4. 
Each plasmid was cleaved with one enzyme to make the plasmid single-stranded. Because of 
the cleavage site of the enzyme, the specific polymerase will only be able to transcribe the 
part of the plasmid used as a template when making the probe. 
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Table 4. The buffers and enzymes used for each plasmid cleavage.  

Plasmid Buffer Enzyme RNA 
polymerase 

pHtr1a Buffer R HindIII T7 

pHtr1b Buffer R MluI SP6 

pHtr1d - - T3 

pHtr1f Buffer R HindIII T7 

pCre – probe Buffer R HindIII SP6 

pCre – sense probe Buffer XhoI XhoI T7 
 
After cleavage of the plasmids, the enzyme was heat inactivated at 65ºC (MluI and HindIII, 
used for Htr1a, b, f) for 20 minutes. RNase A (100 µg⋅ml-1) diluted in NaAc (Merck) was 
added, and the solutions were incubated at 37ºC for 15 minutes, before they were diluted to 
200 µl with autoclaved H2O. The Cre plasmids were diluted to a final volume of 200 µl with 
autoclaved H2O directly after cleavage. 10 µl of each DNA amplicon with 1 µl 10× orange 
loading buffer was run on a 1% agarose gel. To the rest of each the DNA solution, 200 µl 
phenol:chloroform:isoamyl-alcohol (Sigma-Aldrich) was added, whereafter a short vortexing 
(20 seconds) followed, and a 10 minutes centrifugation at 10000 × g. The upper phase was 
transferred to a new Eppendorf tube and precipitated over night at -20ºC with 400 µl cold 
96% ethanol (Solveco) and 5 µl 5 M NaCl (Scharlau). The samples were centrifuged at 10000 
× g for 10 minutes and washed with 70% ethanol (Solveco) twice by centrifuging for 2 
minutes. After the pellets had dried, they were dissolved in 20 µl RNase free H2O and the 
DNA concentration was determined using NanoDrop. 
 
Probe preparation 
The probes were synthesized by transcription of the cleaved DNA in presence of nucleotides, 
which then were incorporated into the genome. The uracil nucleotides were labelled with 
digoxigenin or FITC, respectively, and the probe could then be detected using immunological 
methods. Probes were made from the DNA amplicons, and also from already existing DNA 
amplicons for the Htr1d probe. The VAChT probe had already been made at the Department 
of Neuroscience at Uppsala University. The sequence for the VAChT probe, used as a control, 
had earlier been published (Berse and Blusztajn, 1995), as well as the sequences for Htr1a, 
Htr1b and Htr1f (Bonnin et al., 2006). Also the Htr1d sequence had been described 
(nucleotides 1652-2842, GeneBank accession number NM_008309.4). About 1 ng of the 
template DNA was mixed with 0.5 µl DIG labelling mix (Roche) or FITC mix (Roche), 
respectively, 1 µl transcription buffer (Roche), 0.5 µl RNA polymerase (T3, T7, or SP6 
respectively, see Table 4) (Roche), 0.1 µl RNase inhibitor (Roche), and, if needed, RNase free 
H2O to get a total volume of 10 µl, and incubated at 37ºC. After 2 hours, 0.2 µl RNase free 
DNaseI (Roche) and RNase free H2O were added to a final volume of 20 µl, and the reaction 
was incubated for an additional 15 minutes at 37ºC. The sample was then loaded onto 
Illustra™ ProbeQuant™ G-50 Micro Columns (GE Healthcare, Uppsala, Sweden) that had 
been prepared by vortexing and thereafter centrifuged for 1 minute at 500 × g. The sample 
was applied to the column and centrifuged through the column at 500 × g for 3 minutes, after 
which 30 µl RNase free H2O and 0.5 µl RNase inhibitor (Roche) was added. Finally, the 
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probe was analyzed on a 1% agarose gel to confirm its presence, and the remaining probe was 
stored at -20ºC. 
 
In situ hybridization  
The sections were rehydrated in 10 minute washes in 75%, 50%, and 25% methanol 
(Scharlau) in PBT, before they were washed in PBT, bleached in 6% hydrogen peroxide 
(Lancaster) in PBT and treated with 0.5% Triton X-100 (Sigma-Aldrich) for 5 minutes. After 
another wash in PBT, the sections were digested using Proteinase K (5 µg⋅ml-1) (Merck). An 
additional wash followed, and the sections were postfixed in 4% formaldehyde (Histolab) for 
20 minutes. The sections were pre-hybridized in hybridization buffer (50% formamide 
(Sigma-Aldrich), 5× SSC (0.75 M NaCl, 0.075M sodium citrate in RNase free H2O), pH 4.5, 
1% SDS (ICN Biomedicals, Illkirch, France), tRNA (50 µg⋅ml-1) (Sigma-Aldrich) and heparin 
(50 µg⋅ml-1) (Sigma-Aldrich) in PBT) at 65 °C (spinal cord) or 55°C (brain) for 2 hours, and 
then the probe (1 µg⋅ml-1) in pre-warmed hybridization buffer was added and hybridized over 
night at 55°C or 65°C, respectively. Unbound probe was washed off 3×30 minutes using 
buffer I (50% formamide, 5×SSC, pH 4.5, and 1% SDS in PBT) and II (50% formamide, 2× 
SSC, pH 4.5, and 0.1% Tween-20 (Bio-RAD, Sundbyberg, Sweden) in PBT) at 65°C for 
spinal cord sections. For brain sections buffer II and III (50% formamide 0.2× SSC, pH 4.5, 
and 0.1% Tween-20 (MP Biomedicals) in PBT) at 55°C were used. The sections were washed 
with TBST (TBS with 0.1% Tween-20 (MP Biomedicals) and blocked (1% blocking reagent 
(Roche) in TBST) for 2 hours, after which the sections were incubated at 4°C over night 
together with alkaline phosphatase conjugated rabbit anti-digoxigenin or anti-fluorescin 
antibodies (Roche), depending on the mix used when making the probes. After washes with 
TBST (with 2 mM levamisole (Riedel de-Haën, Hanover, Germany)) and NTMT (100 mM 
NaCl, 100 mM Tris-HCl, 50 mM MgCl2 and 0.1% Tween-20 (Bio-RAD)) (with 2 mM 
levamisole), BM purple AP substrate (Roche) was added to visualize the results. In some 
cases the substrate had to be changed after a while. After a few washes in NTMT or PBS (or 
both), the sections were mounted on glass slides using 50% glycerol (Merck). 
 
Detection of β-galactosidase activity 
Brain sections from Htr1d-Cre;TaumGFP mice were treated with 20 µl X-gal (bromo-chloro-
indolyl-galactopyranoside) (Fermentas) in 480 µl X-gal buffer (2 mM MgCl2, 0.02% Tween-
20, 5.7 mM K4[Fe(CN)6], 5.0 mM K3[Fe(CN)6] in PBS), to visualize the presence of β-
galactosidase (LACZ), at 37°C over night or, if necessary, even longer. 
 
Immunofluorescence to detect GFP and LACZ 
Vibratome sectioned 60 µm thick spinal cord sections were used to detect presence of GFP in 
Htr1d-CreL86P;TaumGFP tissue via fluorescence. The floating sections were blocked in 1.5% 
goat serum, with 0.3% Triton-X, in PBS for about 30 minutes. Primary antibodies in the 
combinations chicken anti-GFP and rabbit anti-β-Gal or chicken anti-β-Gal and rabbit anti-
GFP diluted in 1.5% goat serum were added to the sections, which were incubated at room 
temperature over night, slowly shaking. After 4 × 30 minutes washes in PBS, the secondary 
antibodies Alexa fluor 488 goat anti-rabbit IgG and Alexa fluor 594 goat anti-rabbit IgG in 
1.5% goat serum were added and incubated in room temperature for 2 hours, slowly shaking 
and protected from light. All antibodies used are presented in Table 5. The antibody solution 
was washed off with PBS for 4 × 30 minutes and the sections were mounted in DTG 
mounting medium with antifade (0.25 M DABCO (1,4-diazabicyclo[2.2.2]octane) (Sigma-
Aldrich), 62.5 mM Tris, pH 8.0 in 95% glycerol). 
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Table 5. Antibodies. 

Antibody Dilution Source (reference) 

chicken anti-GFP 1:1000 Art. No. ab13970, Abcam 

rabbit anti-β-Gal 1:2000 Art. No. 55976, Cappel 

chicken anti-β-Gal 1:2000 Art. No. ab9361, Abcam 

rabbit anti-GFP 1:200 Art. No. A6455, Invitrogen 

Alexa fluor 488 goat anti-rabbit IgG 1:400 Art. No. A11008, Molecular Probes 

Alexa fluor 594 goat anti-rabbit IgG 1:800 Art. No. A11012, Molecular Probes 
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