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Abstract: 
(Nicotine, Zebra Finch, Brain-Derived Neurotrophic Factor) 

 

This thesis examines the effects of nicotine on the expression of Brain-

Derived Neurotrophic Factor (BDNF) in the brain of adult male zebra 

finches (Taeniopygia guttata) under isolated and social housing 

conditions. BDNF, which is essential for survival, growth, and 

neuroplasticity of neurons, is significantly decreased in patients with 

affective disorders, such as depression and schizophrenia. A significant 

number of these patients use tobacco products, which induce an increase 

in plasma BDNF levels. Isolated rodents exposed to nicotine showed an 

increase in central BDNF levels. The zebra finch is an established model 

to study cognitive functioning, and as such we examined how nicotine 

interacts with BDNF expression in zebra finch brain areas involved in 

cognitive functioning such as the song nuclei and the hippocampal area. 

Adult male zebra finches were exposed to nicotine and the expression of 

BDNF was examined between isolated and social housed male zebra 

finches, using immunocytochemistry. The results show that the housing 

conditions did not have an effect on the expression of BDNF in the 

examined song nuclei or the hippocampal area. However, nicotine 

induced an increased expression of BDNF in the song nuclei HVC, RA 

(Robust Nucleus of the Archistriatum), and Area X. The HVC and RA 

contain nicotinic acetylcholinergic receptors, which could explain our 

finding. Area X is involved in song learning, which is not applicable to 

our animals, as adult animals have a crystallized pattern. The results 

could be explained by the fact that Area X might be under direct control 

of the HVC.
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I. Background of the Study 

Neurotrophic factors are small proteins essential for the functioning, survival, and 

nourishment of neurons. There are three families of neurotrophic factors, Brain Derived 

Neurotropic factor (BDNF, Figure 1), Glial Derived Neurotropic factor (GDNF), and Tumor 

Necrosis factor-alpha (TNF-α), which are all found in the central nervous system, and BDNF 

is shown to be reduced in socially isolated laboratory animals (Akutagawa and Konishi, 

1998). 

 
   Figure 1: Brain Derived Neurotrophic Factor:    

            Space Filling Model (left) and Ribbon Diagram (right) 

 

 

People suffering from affective disorders, such as depression and schizophrenia, demonstrate 

lower levels of neurotropic factors, including BDNF, in the hippocampus, the prefrontal 

cortex, and the amygdala (Dwivedi et al., 2003; Hing et al., 2012). It has been shown that 

people suffering from affective disorders, such as schizophrenia, and mood disorders, often 

use tobacco products (Buckley et al., 2011; Kalman et al., 2005; Ray et al., 2011). Nicotine 

(Figure 2) is highly used by these patients because it enhances their focus and cognitive 

functioning. According to the Centers of Disease Control and Prevention (CDC), 29% of 

smokers are more likely to experience daily depression symptoms as compared to 19% of 
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 non-smokers (CDC, 2011). Also, according to the National Institute on Drug Abuse, 41% of 

respondents from a national survey with mental illnesses are smokers, and the smoking rate 

for schizophrenia patients is as high as 90% (NIDA, 2010). 

 

 In the cholinergic nervous system pathway, acetylcholine is the neurotransmitter that is 

synthesized, stored and released by cholinergic neurons. The key molecules that transduce 

the acetylcholine message are the cholinergic muscarinic and neuronal nicotinic 

acetylcholine receptors (nAChRs, Figure 3) (Gotti et al., 2004).  Nicotine, which mimics 

acetylcholine, acts on a variety of peripheral and centrally located  nicotinic acetylcholine 

receptors, and induces effects of several brain functions depending on the subtype of the 

receptor with which it interacts as well as the localization of the targeted nAChR subtypes 

(Hogg et al., 2004; Picciotto et al., 2001). The nAChR’s expression is altered during 

development and aging as well as in diseases and disorders such as Attention-Deficit / 

Hyperactivity Disorder (ADHD), depression, schizophrenia, Alzheimer’s Disease, autism, 

Parkinson’s Disease, Lewy Body Dementia, and at least one form of familial epilepsy (Potter 

et al., 2006; Quik et al., 2007; Singh et al., 2004; Steinlein, 2004).  

 

There are currently 16 different types of homomeric and heteromeric nAChRs. Three 

receptor subtypes that are abundantly present in the brain are the α-4, α-6, and α-7 subunits 

(Wu and Lukas, 2011). The α-7 receptor is of particular interest in the Cappendijk lab 

because it is found in the Hippocampal Area (HA) and Robust Nucleus of the Archistriatum  
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(RA) of the zebra finch (Cappendijk personal observations, Lovell et al., 2008, Salgado-

Commissariat et al., 2004) and involved in cognitive functioning (Levin et al., 2002). 

 

 
         Figure 2: Nicotine Molecule (University of Delaware)                       Figure 3: Heteropentameric and Homopentameric Nicotinic     

             Acetylcholine Receptors (nAChRs)   

         

 

 

The male zebra finch (Taeniopygia guttata) is the animal model used in the Cappendijk Lab. 

Song birds, such as the zebra finch, have the sexually dimorphic ability to learn vocal 

behavior, which is reflected in the brain. The male brain contains a well delineated song 

system, in contrast to the female brain usually has absent or diminished song related nuclei. 

The neural song system is a series of anatomically distinct nuclei in the thalamus, basal  
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ganglia, and cortex that are dedicated to the production and plasticity of song (Jarvis and 

Nottebohm, 1997). The HVC provides major input into the anterior vocal pathway through 

the activation of the Area X, which then has an output to the Dorsolateral Nucleus of the 

Medial Hypothalamus (DLM). The DLM directs output to the Lateral Magnocellular Nucleus 

of the Anterior Neostriatum (LMAN) which in its turn affects the RA.    

 

Thus the RA, which is located in the posterior vocal pathway, receives input from both the 

HVC and the LMAN. The RA gives a signal to nXII (nucleus XII), which connects to the 

syrinx. The posterior pathway is directly involved in the song production, while the anterior 

pathway is indirectly involved through the LMAN-RA connections. The anterior vocal 

pathway is mainly involved in song acquisition and maintenance of the song pattern.  These 

described pathways are shown in Figure 6.  

 

The zebra finch passes through the stages of song development only once in life. Once the 

song learning period is completed at 3 months, the song is fixed, or crystallized, for life. The 

HVC is a potential site where auditory feedback signals could interact with song motor 

commands. However, when that feedback is disturbed, the spectral and temporal features of 

the crystallized song change (Nordeen and Nordeen, 1992; Leonardo and Konishi, 1999; 

Hough and Volman, 2002; Roy and Mooney, 2007). We have shown that, exposure to 

nicotine affects the vocalization pattern in adult male zebra finches (Cappendijk et al., 2010).  
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There is evidence that although expression is low, adult male zebra finches express BDNF 

(Brain-Derived Neurotrophic Factor) in the nuclei of both the anterior and posterior vocal 

pathways (Akutagawa and Konishi, 1998). Exposure to a social environment could stimulate 

the expression of BDNF and other neurotrophic factors. In elderly people, BDNF levels 

increased significantly after socialization and exercise (Coelho et al., 2011). Therefore, we 

speculate that socially housed male zebra finches will express high levels of BDNF, but 

isolated males will experience an increase in BDNF expression once exposed to nicotine. 

Currently, it is not clear how nicotine interacts with neurotrophic factors within the zebra 

finch. To examine the effects of nicotine on the neurotrophic factor, BDNF, within the male 

zebra finch, immunocytochemistry assays were performed. 

 

           
        Figure 4: Immunocytochemistry (Leica Microsystems, 2011)               Figure 5: 3, 3’-Diaminobenzidine (Sigma-Aldrich) 

 

Immunocytochemistry (Figure 4) involves the interaction between a specific antigen, primary 

antibodies, and secondary antibodies. The antigen (1), in our case BDNF, is bound by the 

primary antibody, BDNF antibody (2), which is then also bound by the secondary antibody,  
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Biotinylated anti-goat IgG (3). This secondary antibody will bind a specific enzyme, Avidin 

Biotin Complex (4), which when exposed to its substrate, in this case 3, 3’- 

Diaminobenzidine (DAB, Figure 5), induces a brown colored stain, and identifies a cell as 

positive for BDNF presence. 

 

 

II. Hypothesis of the Study 

Chronic exposure to nicotine increases the expression of BDNF mRNA in the hippocampus 

of rats (Kenny et al., 2000). In humans, exposure to nicotine increases plasma BDNF levels, 

especially in patients suffering from neurodegenerative disorders such as schizophrenia 

(Zhang et al., 2010). Plasma levels of BDNF were also shown to be elevated in socially 

active elderly women. These subjects were considered active in respect to their living 

environment and participated in exercise programs (Coelho et al., 2011). 

In respect to BDNF expression in the zebra finch, it is known that the expression of BDNF in 

the song system is inversely correlated with the age of the animals. BDNF is implied to play 

a role in song learning and memory of young male zebra finches (Akutagawa and Konishi, 

1998).  Cappendijk et al., (2010) demonstrated that nicotine affects the song production in 

the adult male zebra finches. Currently there is no knowledge about the effect of nicotine on 

BDNF expression in the adult male zebra finches.  
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Based upon these previous reports, I hypothesize that the expression of BDNF in nuclei of 

the song system and in the hippocampal area of a social housed zebra finch will show a 

higher expression of BDNF when compared with an individual housed animal. In addition, I 

hypothesize that nicotine will increase the expression of BDNF in the song nuclei; HVC, 

Area X, LMAN, and RA,  and the Hippocampal Area of the adult male zebra finch. 

 

 

III. Aim of Study 

Study the effects of nicotine on BDNF expression in the song nuclei and the Hippocampal 

Area of the adult male zebra finch under isolated and social housing conditions. The HVC, 

which is part of both the anterior and the posterior pathways, will be examined. In addition,  

song nuclei which are part of the anterior vocal pathway; Area X and the LMAN, and the 

RA, which is part of the posterior vocal pathway, will be examined (Figure 6). 

 

               
Figure 6: Parasagittal section of the adult male zebra finch   Figure 7: Adult male zebra finch brain after ICC. 

brain. D= dorsal, V= ventral, P= posterior, and A=anterior.  

black arrows represent the anterior vocal pathway and grey 

arrows represent the posterior vocal pathway.   

HVC 

LMAN

Area X

RA

Hippocampal Area
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IV. Materials & Methods 

a. Animals and Treatment Conditions 

 
A total of 32 adult male zebra finches (bodyweight 12-15 gram) were tested. The animals 

were randomly divided into two groups: 16 were housed in recording cages (single 

housed) and 16 were housed in aviary room (social housed) (see Table 1). The animals 

were tested for a total of 90 days.  

After a 5 day treatment with saline (0.03ml/10g body weight, s.c., twice a day), in which 

the animals were habituated to handling and to the injection procedure, the animals were  

randomly divided into two equal groups. One group received the nicotine treatment (0.18 

mg/kg, s.c., twice a day), which corresponds to a human intake of 8-10 cigarettes per day. 

The other group received the control treatment, referred to as the saline-treated group. 

During the saline pretreatment and the nicotine treatment, each animal was injected twice 

a day at 7am and 7pm. Each animal was sacrificed using an overdose of Equithesin (0.06 

mL/10 g body weight, i.m.) about seventy-five days after the last drug administration. 

The tissue was first harvested and then flash frozen with 2-methylbutyrate and stored at   

-20˚C until further analysis. 
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Table 1: Animal Housing and 
Treatment  
Housing  Nicotine‐treated Saline‐treated 
Single Housed 
Recording Room 

1, 2, 7, 8, 10, 11, 15, 16 3, 4, 5, 6, 9, 12, 13, 14

Group Housed 
Aviary Room, 4 birds/cage 

3‐1, 3‐2, 3‐3, 3‐4, 4‐1, 4‐2,    
4‐3, 4‐4 

1‐1, 1‐2, 1‐3, 1‐4, 2‐1, 2‐2,    
2‐3, 2‐4 

 

The following animals were excluded from tissue analysis: 

1. Single housed animals: The brain tissue of #6 (saline) broke into pieces during the 

flash freeze procedure with 2-methylbutyrate. Animal #10 (nicotine) died during the 

course of the experiment after the nicotine treatment was finished. Animals #15 

(nicotine) and #16 (nicotine) were considered irreversibly stressed and were removed 

from the ongoing experiment. 

 

2. Group housed animals: Animal #1-1 (saline) was found dead during the 

experiment. The stored tissue of animals #1-2 (saline), 1-3 (saline), and 4-1 (nicotine) 

broke into pieces during preparations for cutting. Animal #1-4 (saline) was found 

dead near the conclusion of the experiment. Animal #4-2 (nicotine) was isolated with  

an injured leg, and was removed from the analysis as a potential inflammation might 

affect the expression of neurotrophic factors (Cho et al., 1997; Tarsa et al., 2010).  
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b. Housing Conditions 

 

Single and social housed animals were both kept in rooms on the basement floor of the 

Research Building of the College of Medicine (Room 180E, 180C, respectively).The 

rooms were kept at 80˚C ±2˚C under a 14L/10D regimen (lights on at 8:00am). Both 

single and social housing cages contained food/water trays and were lined with paper. 

Food and water was available ad libitum during the whole length of the experiment and 

was changed on a daily basis. 

1. Single housing: The single housed cages, in our laboratory referred to as the 

recording cages, measure 10.5”L x 13.0”W x 16.3”H (26.7cm x 33.0cm x 41.4cm, 

see Figure 8).  These cages contain sensors located on the food and water trays, as 

well as on the upper and lower perches to record locomotor activity. Song recordings 

were taken on a daily basis from 8:00am-2:00pm, when no entrance of personnel was 

allowed. The Cappendijk lab has the exclusive use of 16 recording cages. 

2. Social housing: The social housed cages measured 15.0”L x 30.0”W x 17.0”H 

(38.1cm x 76.2cm x 43.2cm, see Figure 9). Four social cages were used, each holding 

four animals. 
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Figure 8: Single Housing Recording Cage                     Figure 9: Social Housing Cage 

 

c. Tissue Preparation, Storage, and Analysis 

We proposed in our preliminary version of this Honors Thesis to use free-floating 

sections. However, this free-floating ICC technique was not performed because we found 

that, although the tissue was stored in an anti-freeze solution, the tissue was denatured 

while stored in the refrigerator until use. Therefore, we switched to a fixed tissue 

procedure. 

1. Immunocytochemistry (ICC): In this paragraph the different steps to perform 

the ICC are explained. This protocol requires two consecutive days to be 

completed and is performed at room temperature. 

a. Day 1: 0.25% H2O2 Solution, 5% Normal Goat Serum, and Antibody Serum 

solutions are prepared and stored in the refrigerator. Brain tissue is removed 

from the -20˚C freezer and briefly placed on dry ice to keep the tissue cold.  
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Each brain is placed on a flat surface, and divided with a sharp razor blade in 

the parasagittal plane. Then, one half of each brain tissue specimen was cut on 

a cryostat at 30µm in the parasagittal direction. 

1. The tissue cut on the cryostat is immediately transferred onto slides. The 

slides are then placed on a Roto-mix (Figure 10). Each animal has two 

separate slides: one control and one antibody. The control slides are used to 

visualize a baseline expression of BDNF. 

2. Rinse slides in Xylene for 1x5’. 

3. Rinse slides in 100% EtOH for 1x5’. 

4. Rinse slides in 95% & 80% EtOH for 1x3’ each. 

5. Rinse slides in dH2O for 1x3’. 

6. Treat slides with 0.25% H2O2 for 1.5’. Roto-mix must be turned off during 

this time to prevent the rupturing of cells. 

7. Turn Roto-mix on and rinse slides 2x5’ with 0.02M Phosphate Buffer 

Solution (PBS). 

8. Pre-incubate slides in 5% Normal Goat Serum for 20’. 

 During this time, prepare humidifying chambers using foil, petri dishes (2 

large and 2 small), water, and paper towels (Figure 11). 

9. Incubate slides in antibody serum overnight in humidifying chambers on 

Roto-mix. Primary incubation is done with 1.5mL of Antibody Serum plus 

7.5µL of BDNF antibody for antibody slides and 1.5mL of Antibody 

Serum for control slides. 
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Figure 10: Slides during ICC                     Figure 11: Humidifying Chambers 

 

 

b. Day 2: Biotinylated anti-goat IgG serum (1:200 dilution) prepared and stored 

in refrigerator.  

1. Remove dishes from humidifying chambers and replace excess antibody 

and control serums into corresponding tubes. If collected correctly, serums 

can be re-used for up to 4 weeks. Slides remain on Roto-mix. 

2. Rinse slides in 0.02M PBS for 2x5’. 

3. Incubate slides in Biotinylated anti-goat IgG serum for 30’. 

 Avidin Biotin Complex (ABC) Reagent prepared and mixed on Roto-mix 

for 30-60’ before storage in refrigerator. 

4. Rinse slides in 0.02M PBS for 2x5’. 
 

5. Incubate slides in ABC Reagent for 30’. 

 DAB + H2O2 prepared and stored in refrigerator. 

6. Rinse slides in 0.02M PBS for 2x5’. 
 

7. Turn lights off in the room, and re-cover dishes with foil. 

 Lights must be turned off because DAB stain is light sensitive. 
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8. Incubate slides in DAB + H2O2 until sections appear rusty brown.  

 The incubation period range can vary from 1 minute to 12 hours or 

overnight, if necessary. 

9. Once staining is sufficient, rinse slides in dH2O for 5’ to stop the staining 

reaction. 

c. Thionin Counterstain: The Thionin counterstain is used as a contrast stain in 

order to better visualize cells with primary stain.  

1. Slides should remain shielded from light throughout the counterstaining 

protocol. 

2. Place slides in slide holder, and refresh all EtOH and dH2O tubs. 

3.  Dehydrate slides in 70% & 95% EtOH for 30 seconds. 

4. Dehydrate slides in 100% EtOH for 2x30seconds (2 different tubs). 

5. Soak slides in Xylene in hood for 5’. 

6. Let slides dry in hood for 10’. 

7. Soak slides in dH2O for 8’. 

8. Stain slides in Thionin for 2’. 

9. Rinse slides in dH2O to remove excess stain. 

10. Soak in 70% EtOH + ~1mL Glacial Acetic Acid. 

  Start with 30 seconds and increase exposure time for lighter stain, if 

necessary. 

11. Dehydrate slides in 70% EtOH for 30 seconds. 
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12. Dehydrate slides in 95% and 100% EtOH for 2x30 seconds each (2 

different tubs). 

13. Place slides in Xylene I for 30 seconds. 

14. Place slides in Xylene II for 30 seconds. 

 Do not remove slides from Xylene II to prevent sections from drying out. 

15. Coverslip with Permount one slide at a time. 

16. Let slides dry overnight. Make sure they are shielded from light. 

17. After slides are dry, morphological analysis of the tissue takes place 

using a Leica DM5500B (Figure 12). 

 

2. Brain Tissue Analysis: Analysis was performed using all slides. Each individual 

section was sketched, and the areas of interest were outlined. For tissue to be 

counted with labeling, at least one half of all sections on one slide had to display 

labeling for area of interest. So for example, if a slide contained 8 sections at least 

4 sections needed to show labeling in a specific area to be analyzed. Then, an 

outline was made, and areas of interest were defined as labeled or non-labeled. 
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Figure 12: Leica DM5500B 

 

 

V. Results 

During the test-runs with practice tissue, I was running into some technical problems while 

performing the ICC, which I will describe in this paragraph. I needed to solve these problems 

first, before I was able to perform a reliable ICC on brain tissue isolated from the single and 

social housed animals. 

a. Free-floating Immunocytochemistry 

A free-floating ICC method was proposed to be used to analyze the tissue. With the 

free-floating method, tissue was cut in the parasagittal direction at 30µm using a 

cryostat. The tissue was then placed in 12-well plates with a 1% sodium 

azide/antifreeze solution and stored at 4˚C. This protocol was first described by 

Watson et al., (1986), and adapted by Lucas and Lee, (2009). We received the  

protocol directly from Dr. Lee’s Lab. The first few ICC’s performed proved the 

presence of BDNF labeling in the brain tissue. However, only limited amounts and  
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sections of tissue could be mounted to slides due to holes present in the tissue. It was 

hypothesized that the tissue must either be deteriorating while in storage or tearing 

during the ICC protocol. 

Problem-solved solution: To test this hypothesis, a 4.5 hour PBS wash was 

performed, and tissue was immediately mounted to slides and stained with Thionin. 

The PBS wash produced the same results as previous ICC’s; therefore, it was 

concluded that the tissue must be deteriorating while in the storage solution. It was 

then decided to change the ICC protocol to one in which the tissue is immediately 

transferred to slides before the performance of the ICC, which we refer to as a fixed 

tissue ICC. 

 

b. Fixed Tissue ICC 

 

The fixed tissue ICC protocol was not originally used because there were some 

previous episodes that tissue would fall off the slides.  We hypothesized that this 

could be due to performing ICC’s at room temperature on frozen tissue. Also, the 

fixed tissue protocol was not originally used because this Honors Thesis project 

required a large volume of tissue to be simultaneously labeled, and the optimal 

method to accomplish this goal would be using free-floating method. To our surprise 

when we performed our first fixed tissue ICC, multiple large holes were present in the 

tissue. We hypothesized that the H2O2 treatment was the culprit, and the damage to  

the tissue was caused by a H2O2 concentration that was either too high and/or the 

treatment was too long. 
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Problem-solved Solution: Immediately after cutting, tissue was analyzed by 

Immunocytochemistry (ICC). A total run of 7 ICC’s were performed, testing different 

concentrations and different exposure times of H2O2.  

 

Table 2: H2O2 Treatment Trials 

Trial # Date [H2O2] (%) Time (min) 

1a 11/16/11 1 7.5 

1b 11/16/11 0.5 15 

2 11/29/11 0.5 10 

3 12/5/11 0.5 5 

4 1/5/12 0.25 5 

5* 1/11/12 0.25 3.5 

6 1/23/12 0.25 3.5 

7 1/30/12 0.25 1.5 

      *Trial #5 was repeated because slides were ruined by personnel from another lab while using the hood. 

 

Acclimation steps using Xylenes, a series of alcohols (100%, 95%, & 80%), and 

dH2O was included in the protocol at the beginning of Day 1 to help the tissue remain 

on the slides. A total run of 7 ICC’s were performed using 1%, 0.5% and 0.25% H2O2 

in 0.02M PBS for 15, 5, 3.5, and 1.5 minutes in various combinations to find the most  
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ideal concentration and exposure time with H2O2 that did not induce tissue damage. 

Table 2 illustrates the series of ICC test trials. For each trial, a minimum of 4 days  

was needed to perform the protocol, stain the tissue with Thionin, allow slides to dry, 

and analyze the tissue with the microscope. 

Conclusion: Based upon these trials, it was concluded to perform the future ICC’s 

exposing the tissue to a 0.25% H2O2 in 0.02M PBS solution for 1.5 minutes. 

 

c. Analysis of Experimental Groups of BDNF Expression 

The expression of BDNF of the anterior and posterior vocal pathways and the 

Hippocampal Area was analyzed and the intensity of BDNF labeling was compared 

within each male zebra finch, between nicotine and saline male zebra finches, and 

between the isolated and social groups. When comparing the brain areas of interest, 

the total male zebra finches analyzed were: 11 single, 9 social, 11 nicotine, 9 saline, 

20 BDNF and control. The total male zebra finches for the BDNF intensity were 12 

single, 10 social, 11 nicotine, 11 saline, 22 BDNF and control. While cutting with the 

cryostat, some saline tissue appeared to have dried out and shrunken while stored at -

20˚C. Animals #14 and #2-4 were so dry that they could not be analyzed for the 

nuclei of the vocal pathways or the Hippocampal Area. However, BDNF intensity 

was still included for these two specimens. 

The order in which the tissue was cut and analyzed is shown in Table 3. 
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Table 3: ICC Analysis 

ICC # Date Animal #’s 

1 2/6/12 3, 7 

2 2/9/12 2-1, 3-3 

3 2/13/12 8, 9 

4 2/15/12 2-3, 3-4 

5 2/17/12 11, 12 

6 2/20/12 2-4, 4-4 

7 2/22/12 1, 13 

8 2/24/12 2-2, 3-1 

9 2/29/12 2, 4, 14 

10 3/2/12 5, 3-2, 4-3 

 

. 

1. Effect of Housing Conditions on BDNF Expression 

For isolated and socially housed zebra finches, the HVC, LMAN, RA, and Area X 

song nuclei and the Hippocampal Area were analyzed for BDNF expression. In 

addition, the overall intensity of BDNF labeling was analyzed. The ranking of 

high, medium, or low was used for the overall intensity of BDNF. A total of 11 

single animals and 9 social animals were analyzed for the BDNF expression. A 

total of 12 single animals and 10 social animals were analyzed for the overall 

BDNF intensity.  
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Figure13:  BDNF expression in the HVC of single and social                   Figure 14:  BDNF expression in the Hippocampal Area of single  

 groups.                           and social groups.   

                  

 

                   
Figure 15: BDNF expression in the RA of single and social groups.                  Figure 16: BDNF expression in Area X of single and social groups. 

 

                                
 Figure 17: Isolated Male Zebra Finch #9 (2,000x in Area X).                          Figure 18: Social Male Zebra Finch #4-4 (2,000x in Area X). 

   Black bar corresponds to 100µm.                                   Black bar corresponds to 100µm. 
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Figure 19: BDNF expression in the LMAN of single and social                Figure 20: Overall intensity of BDNF expression between single 

 groups.                              and social groups.    

 

 

            

Conclusion: The song nuclei located in the anterior and/or posterior pathway and 

the Hippocampal Area showed no significant difference in BDNF expression 

between isolated and social housed male zebra finches. The labeling intensity of 

most of isolated and social animals fell within the medium to low range. It was 

concluded that the housing conditions of the animals does not affect the 

expression of BDNF in any of the brain areas examined. 

 

2. Effect of Drug Treatment on BDNF Expression 

The HVC, LMAN, RA and Area X song nuclei and the Hippocampal Area were 

analyzed for BDNF expression. The overall intensity of BDNF expression was 

analyzed in the same manner as the housing conditions analysis. A total of 11 

nicotine animals and 9 saline animals were analyzed for BDNF expression. A 

total of 11 nicotine and 11 saline animals were analyzed for the overall BDNF 

intensity. As stated earlier, we expected animals exposed to nicotine would have 

an increased expression of BDNF in both the song nuclei and the Hippocampal 

Area.  
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Figure 21: BDNF expression in the HVC of nicotine and saline                         Figure 22: BDNF expression in the Hippocampal Area of nicotine 

                  treatments.                                                                                                            and saline treatments.  

 

                  
Figure 23: BDNF expression in the RA of nicotine and saline                          Figure 24: BDNF expression in Area X of nicotine and saline  

                   treatments.                                                                                                          treatments. 

 

                 
Figure 25: BDNF expression in the LMAN of nicotine and saline                   Figure 26: Overall intensity of BDNF expression between nicotine 

                  treatments.                                                                                                           and saline treatments. 
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Figure 27: Saline Male Zebra Finch #5 (2,000x in LMAN)                  Figure 28: Nicotine Male Zebra Finch #11 (2,000x in LMAN) 

                  Black bar corresponds to 100µm.                                                                        Black bar corresponds to 100µm. 

 

 

 

Conclusion: Nicotine treatment increased BDNF expression in all the song nuclei, 

with exception of the LMAN. In addition, in the Hippocampal Area no difference 

was observed in BDNF expression between nicotine and saline treated animals. 

 

3. BDNF versus Control Labeling of Brain Tissue 

BDNF expression in the HVC, LMAN, RA, Area X, and the Hippocampal Area, 

and the overall BDNF intensity were analyzed in the same manner as the housing 

condition and drug treatment analysis. A total of 20 BDNF slides and 20 control 

slides were analyzed for BDNF expression. A total of 22 BDNF slides and 22 

control slides were analyzed for overall BDNF intensity.  The control sections 

were used to show the baseline expression of BDNF.  
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Figure 29: Male Zebra Finch #8Nicotine Control (125x)                                 Figure 30: Male Zebra Finch #8 Nicotine BDNF (125x) 

 Black bar corresponds to 2mm.                     Black bar corresponds to 2 mm. 

 

                 
Figure 31: Male Zebra Finch #12 Saline Control (125x)\                 Figure 32: Male Zebra Finch #12 Saline BDNF (125x) 

 Black bar corresponds to 2 mm.                    Black bar corresponds to 2 mm. 

                                                                                                                                                                                                                    

 

 

 

 

 

 

 

 

 

 

Conclusion: Labeling with BDNF antibody showed a more intense labeling of 

brain tissue in both saline and nicotine exposed animals, which implies that the 

labeling we observed in our animals is specific. 
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VI. Conclusions 

a. Housing Conditions 

 
We conclude that the isolated and social housing conditions did not have any effect 

on the expression of BDNF. This is evident from the nearly equal amounts of adult 

male zebra finches expressing BDNF in the nuclei of the anterior and the posterior 

vocal pathways as well as in the Hippocampal Area. My hypothesis that zebra finches 

housed under social conditions were expected to have a higher expression in song 

nuclei and the Hippocampal Area proved not to be correct. A possible explanation 

that my hypothesis was incorrect is that in a social environment male zebra finches 

are not only exposed to other males, but they have visual contact with females. As 

such, male zebra finches exhibit direct and indirect song while isolated zebra finches 

only show indirect song. Based upon our results, we can conclude that BDNF 

expression is not affected by direct song behavior. In addition, we would expect that 

socially housed animals would vocalize more often and be more active compared to 

isolated animals, and as such we would expect based on clinical findings that BDNF 

expression would be elevated. We did not observe this which implies that BDNF 

expression is not directly affected by housing conditions. 

 

b. Drug Treatments 

 

In conclusion, the significant differences in BDNF expression of nicotine compared 

to saline animals in the HVC, RA, and Area X implies that nicotine increases the  
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BDNF expression. BDNF is a factor that is important for the growth, survival, and 

neuroplasticity. Our findings suggest that nicotine acts as a neuroprotector in the 

HVC, RA, and Area X. Earlier reports have shown that the HVC contains α-7 

nicotinic receptors, which might explain our increased expression of BDNF measured 

in this song nucleus. However, in the RA it was reported that nicotinic receptor 

subtypes were present (Salgado-Commissariat et al., 2004), but this finding was not 

confirmed by other groups. So it could be that another subtype of nAChR is present in 

this nucleus, which does not affect BDNF expression.  

 

Another explanation might be that adult male zebra finches have a crystallized song, 

and as it is known that BDNF expression in the adult male zebra finch brain is low 

compared to young animals, which are learning their song, so an increase in the 

LMAN is not anticipated. This explanation also supports, on one hand, the finding 

that in the Hippocampal Area no difference between nicotine and saline exposed 

animals were observed. On the other hand, the Hippocampal Area also contains α-7 

nAChRs, so if BDNF is activated through α-7 nAChR, similar as in the HVC, we 

should have observed an effect on BDNF expression. This discrepancy could be due 

to the role of other nAChRs that could be present in the Hippocampal Area and/or the 

HVC. The increase of BDNF in both the RA and Area X could be due to a direct 

effect of BDNF increased expression in the HVC, as in both nuclei no types of 

nAChRs are demonstrated yet. 
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VII. Future Studies 

In a follow-up study, we would like to examine the expression of the other neurotrophic 

factors, GDNF and TNF-α, as due to unexpected technical issues we were not able to 

perform these studies for this project.  

 

As BDNF stimulates new neuron growth, we also would like to propose to expand the 

time of observation following the end of administration of nicotine, and label the brain 

tissue with Neuronal Nuclei (neuN), a vertebrate neuron-specific nuclear protein which  

reacts with most neuronal cell types throughout the central and peripheral nervous 

systems, and as such we could further examine the role of nicotine as a neuroprotector.  

 

BDNF plays a role in the developing zebra finch, and is correlated to song expression. 

We would like to examine the BDNF expression in juvenile animals learning their song 

while exposed to nicotine. This experiment will further our understanding of the role of 

nicotine in processes of learning and memory. 
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Addendum 

 

The following table discusses corrections made to the text; however, none of these corrections 

changed the outcome of these experiments. 

 

Page Correction 

2 Add (Figure 2) following nicotine 

3 Remove extra space in front of Attention (check if this due to indent lining) 

Replace the word pentamers with subunits 

4 Replace the word however….brain, with “ in contrast to the female brain 

which” 

5 Add a comma to the last sentence of the page after the word “that” 

6 Remove the reference (Kenny et al., 2001) 

Should …will be performed, not read “were performed” 

7 Place a comma after “In humans,….. 

9 Add after 8-10 cigarettes the words “per day” 

10 &21 Animal 4-3 was used in the ICC, and did not die. 

12 Add in the sentence “….stored in the refrigerator” the words “until use.” 

Place a period after the last word on this page 

14 There is an extra space between nr. 4 and 5, make sure that this removal does 

not affect your page numbers for the big sections. 

15 Under c, underline also the word Counterstain in the heading 

17 Remove et al., from the reference from Lucas and Lee as they are only with 

the two of them 

20 When I count the analyzed animals, I have 10 nicotine animals in table 1, 

check this number 

23 Add in the conclusion after “…posterior pathway” the words “and the 

Hippocampal Area” 

27 Under section a, add “in” between as the Hippocampal Area so it reads “as 

well as in the Hippocampal Area” 

Last line of text replace implies with imply 
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