
Florida State University Libraries

Electronic Theses, Treatises and Dissertations  The Graduate School

2003

Categorization of Pheromonal Chemosignals
by Medial Amygdala
Jenne M. Westberry

Follow this and additional works at the FSU Digital Library. For more information, please contact lib-ir@fsu.edu

http://fsu.digital.flvc.org/
mailto:lib-ir@fsu.edu


 
 
 

 
 
 
 
 

THE FLORIDA STATE UNIVERSITY 
 

COLLEGE OF ARTS AND SCIENCES 
 
 
 
 
 

CATEGORIZATION OF PHEROMONAL CHEMOSIGNALS BY  

MEDIAL AMYGDALA 

 

 
By 

 
Jenne M. Westberry 

 
 
 
 

A Dissertation submitted to the 
Department of Biological Science 

in partial fulfillment of the 
requirements for the degree of 

Doctor of Philosophy 
 
 

Degree Awarded: 
 

Fall Semester, 2003 



 ii

 
 
 
 
 
The members of the Committee approve the dissertation of Jenne M. Westberry 

defended on November 3th, 2003.  
 
 
      ___________________________ 

Michael Meredith 
Professor Directing Dissertation 
 
 
___________________________ 
Zuoxin Wang 
Outside Committee Member 
 
 
___________________________ 
Marc Freeman 
Committee Member 
 
 
___________________________ 
Thomas Houpt 
Committee Member 
 
 
___________________________ 
Laura Keller 
Committee Member 

 
 
Approved: 
___________________________ 
Timothy Moerland, Chair, Department of Biological Science 
 
 
The Office of Graduate Studies has verified and approved the above named committee 
members. 
 

 

 

 

 



 iii

 

 

 

 

 

 

 

TABLE OF CONTENTS 

 

 

 

 

 

 
List of figures           vii 
 
Abbreviations           x 
 
Abstract           xii 
 
 
INTRODUCTION          1  

 
 Overview of the Dissertation        1 
 
 General Literature Review         7 
  Pheromones          7 

Peripheral detection and processing of chemosensory stimuli   10 
Distribution of vomeronasal receptors across species    12 
Dichotomy of projections to the rostral and caudal AOB   13 
Importance of the VNO for mating: role of sexual experience    16 
Central processing of chemosensory signals      17 
Chemical Communication is important for social behavior   20 
Immediate early gene expression       22 
Fos expression as an appropriate marker for these studies    23 
 
 

 
CHAPTER 1. FOS EXPRESSION IN THE ANTERIOR AND POSTERIOR 

MEDIAL AMYGDALA AND ACCESSORY OLFACTORY BULB  OF MALE 

HAMSTERS EXPOSED TO CHEMOSENSORY STIMULI     26 

  
 Introduction           26 
 
 Background           28 
  Artificial Stimulation Activates MeA and MeP     28 



 iv

  Conspecific chemosensory stimuli      29 
  Heterospecific chemosensory stimuli      30 
  Important brain areas of interest       32 
  Dichotomy of projections to the rostral and caudal AOB   32 
 
 Methods            33 
  Animal Care and Housing        33 
  Collection of stimuli         33 
  Exposure and behavior testing       34 
  Tissue processing for Fos ICC       34 
   Tissue processing for G-protein ICC      36 
  Counting of Fos nuclei        37 
  Immunocytochemical controls       39 
  Experimental Design        39 
 
 Results            39 
  Fos expression in MeA and MeP       40 
  G-protein expression in rostral and caudal AOB     40 
  Fos expression in the AOB        42 
  Summary of Fos expression data       48 
  Behavior during exposure        48 
 
 Discussion            49 
  Patterns of Fos in AOB        49 
  Stimulation with artificial or heterospecific stimuli did not activation MeP 50 
 
 
 
CHAPTER 2. FOS-RELATED ANTIGEN EXPRESSION IN THE MEDIAL AMYGDALA 

AND INTERCALATED NUCLEUS OF MALE HAMSTERS AFTER ARTIFICIAL 

ELECTRICAL STIMULATION OF THE VNO OR EXPOSURE TO CHEMOSENSORY 

STIMULI            51  

  
 Introduction           51 
 
 Background           54 
 
 Methods            57 
  VNO electrode implantation and electrical stimulation    57 
  Collection of stimuli         57 
  Exposure and behavior testing       57 
  Tissue processing for FRAs ICC       58 
  Exposure and processing for time-course study     58 
  Counting          58 
  Immunocytochemical controls       59 
 



 v

 Results            59 
  FRAs expression after electrical stimulation of the VNO   59 
  FRAs expression after exposure to �natural� signals    61 
  Time-course study         62 
 Discussion                    68 
 Conclusion                     69 
 
 
CHAPTER 3. MECHANISM FOR DIFFERENTIAL FRAS EXPRESSION IN THE MEA 

AND MEP: THE ROLE OF INHIBITORY CIRCUITS WITHIN THE AMYGDALA  70  

         
 Introduction                   70 
 
 Background                    70 
 
  Hypothesis                    72 
 
  Methods                    72 
  Experimental Design                72 
  Exposure and Behavior Testing               72 
  Selection of GABA antibody               73 
  Tissue processing for double-label fluorescent ICC            76 
  Counting                  76 
 
 Results                     77 
  Total FRAs expression                 77 
  GABA + FRAs                  81 
  GABA-Receptor         85 
 
 Discussion                        90 
  Discrimination among conspecific stimuli       90 
 
 
 
CHAPTER 4. CATEGORIZATION OF STIMULI IN THE AMYGDALA DOES NOT 

REQUIRE MAIN OLFACTORY INPUT        91 

    
  Introduction              91 
  Central connections of the main and accessory olfactory systems        91 
  Role of main olfactory input for mating and other social behavior    92 
  Zinc sulfate                92 
  Fos expression in OLFX males          93 
 
  Methods                   93 
  Experimental Design               93 
  Vomeronasal removal surgery             94 



 vi

  Zinc-sulfate lesions                94 
  Food discrimination test               95 
  Mating test                 95 
 
  Results                   95 
  Total FRAs expression               97 
  GABA + FRAs               107 
  GABA-Receptor               118 
  Vomeronasal lesions (VNX)              120 
  Behavior                 120 
   Investigation time               120 
   Food discrimination test              122 
   Mating test                122 
 
  Discussion                   124 
 FRAs expression in OLFX males              124 
 FRAs expression after VNX              127 
 Investigation time                128 
 
 
LISTOF IMPORTANT RESULTS DESCRIBED IN THIS DISSERTATION          128 

 
 
GENERAL DISCUSSION          132 

           
  Overview           132 
                              
 Summary of important findings               133 
 
  Discussion of results          135 
  Categorization in the AOB               135 
  All conspecific stimuli are not the same             136 

Mechanism for differential activation of MeP          138 
Differences between intact and OLFX males            139 
Differences between intact and VNX males           140 

           Sexually-naïve males are different from experienced males           141 
Coding in the main vs. accessory olfactory system            143 
 

Future directions                         145 
 
Conclusions                   145 
 
 
REFERENCES                 147 

 
BIOGRAPHICAL SKETCH              165 



 vii

 
 

 

 

 

LIST OF FIGURES 

 

 

 

 

 

        
1. Projections from the VNO and MOE          2 
 
2. Three sensory organs in the nose           3 
 
3. Cartoon of VNO and MOE epithelium projecting to the AOB    4 
 
4. Diagram of the VNO projection areas.                        5 
 
5.Projection of the V1Rs and V2Rs            15 
 
6. Main olfactory and vomeronasal projection areas          19 
 
7. Fos time-course after mating             25 
 
8. Diagram of Fos expression data from previous lab experiments         27 
 
9. Categories of stimuli and time-course of the experiment          35 
 
10. Schematic diagram of MeA and MeP             38 
 
11. Fos expression in MeA and MeP after exposure to conspecific and                  
             heterospecific stimuli                         41 
 
12. G-protein expression in rostral and caudal AOB           43 
 
13. Fos expression in lateral to medial sections of the AOB after HVF-exposure 44 
       
14. Photomicrographs of Fos in the AOB             45 
 
15. Graph of Fos expression in the mitral cell layer of the AOB         47 
 
16. Schematic of intercalated nucleus (ICN)            52 
 
17. Schematic diagram showing all three populations of ICN cells         53 



 viii

 
18. Preliminary FRAs expression after mating                                56 
 
19. Graph of FRAs expression after electrical stimulation of the VNO        60 
 
20. Graph of FRAs expression after natural chemosensory stimulation  63 
 
21. Schematic showing sections counted for the time-course study   64 
 
22. Graphs of FRAs at 4 timepoints in 16 sections through the amygdala  65 
 
23. Representative photomicrographs of FRAs in time-course experiment   66 
  
24. Larger scale version of time-course graph      67 
 
25. Diagram of the mechanisms explored in chapter 3     71 
 
26. Photomicrograph showing GABA immunoreactivity in hamster amygdala  73 
 
27. GABA and synapsin staining in medial amygdala     75 
 
28. FRAs and GABA double immunoreactivity in medial amygdala   78 
 
29. Total FRAs expression in MeA and MeP after exposure to conspecific  
and heterospecific stimuli          79 
 
30. Representative photomicrographs showing sections included in data   
on graph in Fig. 29                                                            80 
 
31. Graph showing total FRAs expression in the ICNc     82 
 
32. FRAs and GABA immunoreactivity in MeA           83 
 
33. FRAs and GABA immunoreactivity in MeP                             84 
 
34. FRAs and GABA immunoreactivity in ICNc             86 
 
35. FRAs and GABAa-Receptor immunoreactivity in MeA           87 
 
36. FRAs and GABAa-Receptor immunoreactivity in MeP                         88 
 
37. Food discrimination apparatus                                                              96 
 
38. Schematic drawing showing MeA and ICN                                                   98 
 
39. FRAs expression in the MeA of OLFX and saline-treated males                  99 



 ix

 
40. Diagram of MeP, ICNc, and anterior cortical nucleus, and piriform cortex      101 
 
41. FRAs expression in the MeP of OLFX and saline-treated males                     102 
 
42. FRAs expression in the ICNc of OLFX and saline-treated males                    103 
 
43. FRAs expression in the ACN of OLFX and saline-treated males                    105 
 
44. FRAs expression in the PC of OLFX and saline-treated males                       106 
 
45. FRAs expression in GABA (+) neurons in MeA (saline vs. OLFX)                  109 
 
46. FRAs expression in GABA (+) neurons in MeP (saline vs. OLFX)                  111 
 
47. FRAs expression in GABA (+) neurons in ICNc (saline vs. OLFX)                 113 
 
48. FRAs expression in GABA (+) neurons in ACN (saline vs. OLFX)                  115 
 
49. FRAs expression in GABA (+) neurons in PC (saline vs. OLFX)                     117 
 
50. FRAs expression in MeA, MeP, and ICNc in VNX males                                 121 
 
51. FRAS expression in ACN and PC in VNX males                                             123 
 
52. Time spent investigating stimulus swab for all treatment groups                    125 
 
53. Mating behavior- �intromission per minute� for VNX males                             126 
 
 
 
 
 
 
 

 



 x

 
 
 
 
 
 

ABBREVIATIONS 

 

 

 

 

 
 
ACN     Anterior cortical amygdaloid nucleus  
 
AHA     Anterior hypothalamic area 
 
AOB     Accessory olfactory bulb 
 
BNST     Bed nucleus of the stria terminalis 
 
BLA     Basolateral amygdala 
 
CeA     Central amygdaloid nucleus 
 
FGS     Flank gland secretion 
 
FRAs     Fos-related antigens 
 
fFGS     Female flank gland secretion 
 
fMU     Female mouse urine 
 
GABA     γ-Aminobutyric acid  
   
HVF     Female hamster vaginal fluid 
 
ICN     Intercalated nucleus 
 
mICNc    Caudal region of the medial ICN group 
 
dICN     dorsal ICN group 
 
lICN     lateral ICN group 
 
ICNc     Caudal region of the ICNm 



 xi

 
ICNr     Rostral region of the ICNm 
 
mFGS     Male flank gland secretion 
 
mMU     Male mouse urine 
 
MOE     Main olfactory epithelium 
 
MeA     Anterior medial amygdala 
 
MeP     Posterior medial amygdala 
 
MOB     Main olfactory bulb 
 
MPOA     Medial preoptic area 
 
MU     Mouse urine 
 
OT     Optic tract 
 
OLFX     Olfactory-lesioned  
 
OR     Olfactory receptor 
 
ORN     Olfactory receptor neuron 
 
OSN     Olfactory sensory neuron 
 
PC     Piriform cortex 
 
PLCN     Posterior lateral cortical amygdaloid nucleus 
 
PMCN     Posterior medial cortical amygdaloid nucleus 
 
PVN     Paraventricular nucleus of the hypothalamus 
 
St     Stria terminalis 
 
VN     Vomeronasal 
 
VNO     Vomeronasal organ 
 
VNX     Vomeronasal organ removal 
 
VR     Vomeronasal receptor 



 xii

 
 
 
 
 
 

ABSTRACT 

 

 

 

 
In male hamsters, olfactory chemosensory communication is important for a 

variety of social behaviors, such as mating and territory marking. Chemosensory signals 
that relay social information between conspecifics are called �pheromones�.  
Pheromones are detected by receptors in the vomeronasal organ (VNO) that are 
different than the odorant receptors in the main olfactory epithelium (MOE). The VNO 
projects to the accessory olfactory bulb (AOB), while cells in the MOE project to the 
main olfactory bulb (MOB). Central projections from the AOB and MOB are different 
although both ultimately influence activity in the medial amygdala. From the AOB, there 
is a large projection to the anterior medial amygdala (MeA), which projects to the 
posterior medial amygdala (MeP). The pathway from MeA provides the majority of 
chemosensory input to MeP.  Through these routes, the amygdala has been shown to 
have a key role in many aspects of social signaling and reproductive behavior, an this 
has been demonstrated most clearly in rodent species. Many of these effects are via the 
efferent projections to the hypothalamus.  

In my experiments, the medial amygdala was strongly activated when males 
investigated chemosignals from females, but different parts of it were activated 
differentially by different classes of stimuli.  Conspecific stimuli, such as signals from 
females or rival males activated both the anterior and posterior parts strongly.  
Heterospecific stimuli from mice and cats activated the anterior part just as strongly as 
the conspecific stimuli, but activated the posterior part to a much lesser extent.  I 
hypothesized that the anterior medial amygdala "evaluates" incoming signals for social 
relevance (based on the pattern of activation of its neurons) and routes information to 
other brain regions accordingly.  If the pattern of incoming information is not one that 
corresponds to any expected socially relevant stimulus, the posterior medial amygdala 
is not activated or is actively suppressed. In male hamsters, anterior medial amygdala 
(MeA) responds to intraspecific chemical-communication signals (pheromones) used by 
hamsters but also to those used by other species. Posterior medial amygdala (MeP) 
receives input from MeA but responds selectively to conspecific signals, suggesting 
these regions may be responsible for discriminating the social relevance of a stimulus. 
Our previous work suggests MeP response to hetero-specific stimuli is suppressed by 
GABA-ergic inhibition from adjacent intercalated nucleus (ICN). We tested the 
contribution to these responses by the vomeronasal system (direct input to MeA/MeP) 
and by the main olfactory system (indirect input) using peripheral lesions in separate 
groups of naive males, exposed to biological stimuli from hamsters and from mice. We 
measured immediate early gene expression (FRAs) in amygdaloid nuclei and piriform 



 xiii

cortex after exposure to each of these classes of stimuli. In males with olfactory lesions 
(OLFX) resulting from intranasal Zinc Sulfate infusion, there were no significant 
differences in FRAs expression in MeA, MeP or ICN compared to intact and saline-
infused controls. Thus, olfactory input is apparently unnecessary for MeP to discriminate 
between conspecific and hetero-specific stimuli. As expected, OLFX animals failed to 
discriminate food odor and had no significant FRAs expression in piriform cortex in 
response to any of the stimuli, indicating successful suppression of olfactory input. 
These animals did mate successfully indicating VNO input was intact. In males with 
vomeronasal organs removed (VNX), there was little response in medial amygdala to 
any biological stimuli we tested, and these naive-VNX males showed severe mating 
deficits.  There were no significant differences in attention to the stimuli (on swabs) that 
could account for differences in amygdala FRAs expression between groups. 
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GENERAL INTRODUCTION 
 
 

Overview 

 
In many mammals olfactory chemosensory communication is important for 

regulating a variety of complex social behaviors, such as attraction among conspecifics 
prior to mating, and marking or designating territory (Tirindelli et al., 1998) (Halpern, 
1987)  (Keverne, 1999)  (Bargmann, 1997; Meredith, 1998a). Some residual chemical 
communication may also occur in humans (Stern and McClintock, 1998). In rodents, 
many, though not all, socially relevant chemical communication signals (pheromones) 
are detected and processed by the vomeronasal (VN) or accessory olfactory system 
(Scalia and Winans, 1975). In some circumstances, the main olfactory system can also 
detect pheromones  (Johnston, 1998b; Meredith, 1998a). Several examples of 
pheromone communication mediated by each system are described below in the 
general literature review section. 

Receptor neurons in the vomeronasal organ (VNO) project to the accessory 
olfactory bulb (AOB), while receptor neurons in the main olfactory epithelium (MOE) 
send input to the main olfactory bulb (MOB) (See Figures 1-3). Both systems send 
afferent input to the amygdala where they terminate in separate, but adjacent nuclei     
(Scalia and Winans, 1975). The AOB projects directly to nuclei in the corticomedial 
amygdala (Scalia and Winans, 1975) such as the anterior medial amygdala (MeA), 
posterior medial amygdala (MeP) and posterior medial cortical nucleus (PMCN).  These 
nuclei  are called the �vomeronasal amygdala� (Kevetter and Winans, 1981b). Figure 4 
shows a schematic drawing of these nuclei and their connections.  For many species, 
the medial amygdala is proposed to be a site involved in the general integration of 
sensory information necessary for the regulation of social and sexual behavior (Rasia-
Filho et al., 2000), including some of the behaviors that we study in male hamsters.  

In the present studies, I explored the possible function of medial amygdala in 
chemosensory communication. I used immediate early gene (IEG) expression to map 
neuronal activity in the �vomeronasal amygdala� in male hamsters that were exposed to 
(allowed to investigate) natural chemosensory  communication signals  from other 
hamsters (conspecific) or chemosensory communication signals from other species 
(heterospecific).These chemosensory stimuli contain pheromones, which we define as 
�chemicals emitted by one member of a species which when detected by other 
members of the same species result in physiological or behavioral changes likely to 
benefit both individuals� (Meredith et al., 1983; Meredith, 2001). Conspecific 
chemosensory communication signals are socially-relevant because they communicate 
important information for complex interactions between hamsters, such as mating or 
aggressive behavior. Heterospecific chemosensory signals, that are used by other  
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Buck, 2000

 
 
 
 
Figure 1. Chemosensory signals from other individuals  are detected by receptors in 
the vomeronasal organ (VNO) and sometimes by receptors found in the main olfactory 
epithelium (OE). Sensory neurons in the VNO project to the accessory olfactory bulb 
(AOB), while sensory neurons in the olfactory epithelium project to the main olfactory 

bulb (MOB). Figure modified from Buck, 2000. 
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Figure 2. There are three separate sensory organs in the nose:  the vomeronasal 
organ (VNO), the main olfactory epithelium (MOE) and the Septal organ (SO). In the 
olfactory marker protein (OMP)- tau-lacZ mutant mouse, the OMP gene has been 
coupled to an by IRES-tau-lacZ cassette. All VNO and MOE so sensory neurons that 
express OMP and their axonal projections to the main and accessory olfactory bulbs, 
stained blue in the exposed  nasal septum by the action of LacZ an an X-gal substrate 
applied to the tissue after fixation. Originally published by Belluscio et al., 1999. Method 
originally described by P. Mombaerts. VN= vomeronasal nerve. 
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Figure 3 Schematic representation of VNO and MOE axon projections. In the bulb,
MOE and VNO axons synapse with mitral cells in glomeruli. Olfactory bulb and 
accessory olfactory bulb mitral cells project to different areas of the brain. Originally 
published by Herrada and Dulac, 1997. Abbreviations: aot= accessory olfactory tract, 
lot= lateral olfactory tract, VNO= vomeronasal organ, MOE= main olfactory epithelium, 
AOB= accessory olfactory bulb, V=vasculature, L= lumen. 

MOB AOB 
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Figure 4. Schematic diagram showing theventral view of the left side of  brain 
areas that get input from the VNO. These areas include anterior medial amygdala 
(MeA), posterior medial amygdala (MeP), and posterior medial cortical nucleus 
(PMCN), which are called the vomeronasal amygdala.  The AOB also projects to the 
nucleus of the accessory olfactory tract (NAOT) and  bed nucleus of the stria terminalis 
(BNST). The main olfactory bulb projects indirectly to the anterior cortical nucleus 
(ACN) and posterior lateral cortical nucleus (PLCN).  The ACN projects directly to the 

MeA. This is the area where main olfactory input may influence the vomeronasal 
amygdala. The MeA and MeP project to areas of the brain that are important for 
reproductive behavior such as the medial preoptic area (MPOA) and anterior 
hypothalamus (AH) and ventromedial nucleus of the hypothalamus (VmH).  Figure 

originally came from Dr. Sarah Newman and has now been modified from Dr. Michael 
Meredith. 



 6

species for the same kinds of communication do not provide sensory input that 
facilitates social interactions between hamsters; therefore, we assume heterospecific  
stimuli are socially non-relevant for hamsters. In these experiments, I show that the 
medial amygdala discriminates conspecific from heterospecific signals. 

  An important conspecific stimulus, female hamster vaginal fluid (HVF) is 
deposited on the substrate by females, especially in pro-estrus, and attracts and excites 
male hamsters (Johnston, 1975a) (Johnston, 1974a) prior to mating.  In work presented 
in chapter 1, I confirmed previous findings that exposure to HVF activates Fos protein 
expression (a measure of neuronal activation) in the accessory olfactory bulb (AOB), 
and both the anterior and posterior medial amygdala (MeA and MeP) (Fernandez-
Fewell and Meredith, 1994). Additionally, I showed that exposure to two other 
conspecific stimuli, male and female flank gland secretion (mFGS and fFGS) also 
activate AOB, MeA and MeP to a similar extent. Exposure to heterospecific stimuli from 
mice or cats did activate the AOB and MeA in male hamsters, but did not activate the 
MeP. Thus, for all conspecific and heterospecific stimuli tested so far, the posterior 
medial amygdala shows a categorical response. It is activated by conspecific stimuli 
and not by heterospecific stimuli.  The predominant source of chemosensory input to 
MeP is from MeA. Since MeA responds to all the stimuli it is in a position to discriminate 
between different patterns of input and treat conspecific and heterospecific signals 
differently. These data suggest the MeA may recognize the social relevance of the 
stimulus, and then route information to other areas of the brain responsible for social 
behavior, including MeP and its projection areas. My initial experiments, outlined above 
were designed to confirm that the medial amygdala discriminates conspecific and 
heterospecific stimuli. Later experiments investigated the mechanism for a categorical 
response in MeP. The initial  Fos expression data are described in chapter 1. 

The first clue that the MeA may act as a filter of information came from earlier 
work in the lab. Artificial electrical stimulation of the VNO or drug stimulation of the AOB 
should increase output from these peripheral areas and increase Fos expression in the 
MeA, MeP and downstream brain areas. Surprisingly, MeA showed a larger increase in 
Fos expression than did MeP (Nolte and Meredith, 1999; Fewell and Meredith, 2002). 
The three sets of studies described in chapter 1 here, in Fewell and Meredith (2001), 
and in Nolte and Meredith (1999), taken together, suggest that MeA may be sensitive to 
patterns of input such that it recognizes �artificial� or socially non-relevant stimuli and 
does not transmit that information on to the MeP, or may inhibit MeP (Nolte and 
Meredith, 1999; Fewell and Meredith, 2002). In chapters 2-4, I investigated the 
mechanisms of differential activation of MeP with conspecific and heterospecific stimuli. 
In chapter 2, I used another IEG marker of neuronal activity, Fos-Related Antigens 
(FRAs). FRAs immunocytochemistry is expressed at higher baseline levels than Fos 
and is also expressed in some cells that do not express Fos. I used single-label 
peroxidase immunocytochemistry (ICC) for FRAs after artificial stimulation of the VNO 
or natural chemosensory stimulation by conspecific or heterospecific stimuli. In chapter 
3, I looked at activation of potential inhibitory circuits within the amygdala using double-
label fluorescent ICC for FRAs and GABA or FRAs and GABAa-Receptor.  

In addition to MeA and MeP, I also looked at FRAs expression in a population of 
small interneurons called the intercalated nuclei (ICN).  The intercalated nuclei are 
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dense clusters of small GABAergic found in small subpopulations between the main 
amygdaloid nuclei (Pare and Smith, 1994). Some ICN populations modulate an intra-
amygdaloid circuit, beginning with the basolateral (BL) complex, the main input station 
of the amygdala for sensory afferents, and concluding with the central (CE) nucleus, an 
important source of projections to brain-stem structures mediating fear responses (Pare 
et al., 2003).  Here I found a reciprocal relationship between activation of a population of 
these GABAergic ICN cells associated with MeP, and activation of MeP for most by 
conspecific and heterospecific stimuli. This relationship suggests that the ICN may 
inhibit MeP. This hypothesis is supported by immunocytochemistry (chapter 3) showing 
that activation of MeP cells expressing GABA-Receptor is depressed when ICN is active 
following heterospecific stimulation. 

In the final chapter, I investigated the contribution of main olfactory input to the 
pattern of response in MeA/MeP. Nasal infusions of zinc sulfate destroy receptors in the 
main olfactory epithelium (OLFX) and make the animal anosmic, while sparing the 
vomeronasal organ. OLFX males were not different from saline-infused controls in the 
categorical pattern of MeA/MeP activation with conspecific and heterospecific stimuli. 
The olfactory system appears not to contribute to this pattern (and, importantly, does 
not create it). In the final experiment, a group of males had their vomeronasal organs 
removed (VNX) and had to rely only on main olfactory input. These VNX males showed 
no significant FRAs response to chemosensory input when measured across all of the 
stimuli tested here. Taken together, these data suggest that VNO input is both 
necessary and sufficient for discrimination of social relevance by the medial amygdala 
and that the mechanisms involve recognition of conspecific and heterospecific stimuli in 
MeA and inhibition of MeP.  

In the following literature review, I will describe different levels of processing of 
chemosensory input, from peripheral receptors to the amygdala. I will discuss new and 
interesting findings in the field and relate my work to other work in the field. 
 

 
 
 

General Literature Review 

 
Pheromones 
 

Airborne, volatile odorant stimuli are detected by the main olfactory system,, 
while species-specific stimuli carrying specific messages, and which may be relatively 
non-volatile  �pheromones,�  are detected by the vomeronasal organ (VNO)(Johnston, 
1998b; Meredith, 1998a, 2001). Physiological studies have shown that the VNO can 
also respond to general odorants (Sam et al., 2001; Trinh and Storm, 2003) and 
behavioral studies have shown that  the main olfactory epithelium can detect 
pheromones (Meredith, 1986) (Distel and Hudson, 1985) (Dorries et al., 1997). 
Pheromones were originally defined in insects as �substances which are secreted to the 
outside by an individual and received by a second individual of the same species, in 
which they release a specific reaction,� such as a behavior or physiological change 
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(Karlson and Luscher) see also (Meredith, 2001) (Johnston, 1998a).  Mammalian 
behavior is more complex than insect behavior and must be adaptable to changing 
situations. Innate responses or specific reactions are a part of mammalian 
chemosensory communication, but this requirement as part of the definition of 
pheromone is too stringent as responses may change based on experience.  

A modified definition of pheromones proposed by Meredith is: �chemical emitted 
by one member of a species which when detected by conspecifics result in 
physiological or behavioral changes likely to benefit both individuals� (Meredith et al., 
1983; Meredith, 2001). This definition assumes that �pheromones�  are the medium for 
a communication evolved by natural selection. Evolutionary pressure for the sender to 
produce a signal that can be recognized and for the receiver to develop efficient 
detection/ recognition systems increases when the end result of the communication is 
positive for both individuals. The restriction of the term �pheromone� to intra-specific 
communication signals is arbitrary. The same evolutionary mechanisms could favor 
communication across species � as in the co-evolution of flower scents and honey-bee 
receptors. However, using the term pheromone for that communication seems 
inappropriate. Although the evolutionary mechanisms may not be limited to conspecific 
communication, there are practical reasons for animals to discriminate chemical signals 
of their own species from the signals used by other species for similar types of 
communication. The types of signals which should most generally be species-specific at 
least in terms of response, are those used in reproductive and aggressive behavior. 
Such distinctiveness would allow individuals to recognize other members of their own 
species and to avoid wasting time and energy courting or attempting to establish social 
dominance with heterospecific individuals.  

The production of pheromone chemicals may not be species-specific, but the 
responses that are elicited should be. The fact that many pheromones appear to be 
detected by a special organ , the vomeronasal organ (VNO), may reflect the necessity 
for high sensitivity and selectivity on the response side. Vomeronasal receptors are 
more sensitive and selective than olfactory receptors, which detect molecular features 
found in a variety of odorants (Duchamp-Viret et al., 1999; Leinders-Zufall et al., 2000). 
In a VNO slice preparation, 6 different mouse pheromones elicited responses in non-
overlapping cells, at a very low threshold. Increasing concentration of the stimulus did 
not broaden the range of receptors that would respond to a particular pheromone 
(Leinders-Zufall et al., 2000).   

 There is no theoretical restriction on pheromone communication via other 
sensory organs and several examples of main olfactory pheromones exist. (Hudson and 
Distel, 1986; Dorries et al., 1997). For example, vomeronasal lesions in rabbit pups and 
pigs do not prevent pheromone-induced stereotypic behaviors (Hudson and Distel, 
1986; Dorries et al., 1997). Newborn rabbits locate and attach to their mother�s nipples 
by using chemical cues from a �nipple search pheromone�. VNO removal  (VNX) in 
newborns does not interfere with nipple attachment (Hudson and Distel, 1986).  On the 
other hand, zinc sulfate infusion which damages the main olfactory epithelium without 
disrupting receptors in the VNO, results in weight loss and deficiencies in attachment 
and suckling behavior (Hofer et al., 1976). In the domestic pig, the steroid androstenone 
has been identified as a pheromone that facilitates expression both of attraction to the 
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male and a of  a receptive mating stance in estrous females. Dories et al. (1997) 
blocked access to the vomeronasal organ with surgical cement.  Animals with blocked 
VNOs did not differ significantly in androstenone sensitivity, or in either androstenone-
mediated receptive standing behavior or attraction to the odor of androstenone (Dorries 
et al., 1997). These two studies show that pheromones can be detected not only by 
VNO but also by receptors in the olfactory epithelium, and support the notion that 
pheromone detection by the main olfactory system may play an important role in many 
mammalian species (Johnston, 1998b). The neural responses explored in this 
dissertation appear to fall into the class of responses that is dependent only on an intact 
VNO.  

Other signals which are less likely to be species-specific can provide other types 
of  information between species. These signals would include threat or warning signals 
such as the spray of skunks. These chemosensory signals are not pheromones, but still 
play an important role in behavioral  interactions.  

Pheromones fall into a broader category molecules called semiochemicals 
(Regnier, 1971). Semiochemical is a general term that includes any chemical that 
mediates interactions between organisms. Semiochemicals can be subdivided into 
allelochemicals and pheromones, depending on whether the interactions are 
respectively, interspecific or intraspecific (Mori, 2000). Allelochemicals are chemicals 
that are significant to individuals of a species different from the source species. 
Allelochemicals are subdivided into several groups depending on whether the response 
of the receiver is adaptively favorable to the emitter but not the receiver (allomones), is 
favorable to the receiver but not the emitter (kairomones) or is favorable to both emitter 
and receiver (synomones) (Halpern, 1980). As described above, pheromones are 
released by one member of a species to cause a specific interaction with another 
member of the same species. Pheromones can be further classified on the basis of the 
interactions that they mediate, such as alarm, aggregation of individuals (insects, 
snakes) or reproduction (Mori, 2000) (Halpern, 1980). Functionally, semiochemicals 
may have a wide range of activity.  They may serve as attractants or repellents, they 
may stimulate or inhibit feeding, or they may simply elicit behavior patterns. Attractant 
pheromones and allelochemicals have been used as lures or baits in a wide variety of 
insect traps, or they can be mixed together with toxicants to produce eliminate harmful 
insects (Mori, 2000) .  A further discussion of mammalian pheromone receptors and 
examples of pheromone communication is included below. 

Primer pheromones are chemical substances secreted or excreted by an 
individual that have an endocrine effect on other members of the same species 
(Keverne, 1982). Several example of primer pheromones are described here: 

1. Lee-Boot effect : When female mice are group-housed , there is a suppression of 
estrus. This effect is eliminated by removal of the VNO (Reynolds and Keverne, 
1979). Dopamine agonists which lower serum prolactin levels also eliminate this 
effect, suggesting that prolactin is involved in this effect. 

2. Whitten Effect: Female mice that have been made anestrous by group housing or 
exposure to light, can be made estrous by exposure to male mice or their urine 
(Whitten, 1957; Whitten, 1966). The components of urine that induce this effect 
are the airborne volatile components (Gangrade and Dominic, 1984). 
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3. Bruce Effect: When a recently mated female mouse is exposed to urinary 
pheromones from a male of an unfamiliar strain different from the strain of the 
female�s mate, the implantation of fertilized eggs is prevented, called the (Bruce, 
1959). This effect is dependent on an intact VNO (Brennan and Keverne, 1990). 

4. Endogenous GnRH is implicated in the rapid hormonal response to VN 
chemosensory input in hamsters and mice. It may be released naturally when 
male rodents encounter female chemosignals. In male mice, serum luteinizing 
hormone (LH) levels increase in response to exposure to female urine within 5 
minutes (Coquelin et al., 1984). In male hamsters, exposure to female hamster 
vaginal fluid (HVF) produces an increase in testosterone (Pfeiffer and Johnston, 
1994). Within 30 minutes, both of these responses are dependent on an intact 
VNO (Pfeiffer and Johnston, 1994 1983).   
 
Intraspecific chemical communication occurs in a variety of situations that do not 

involve the response delay that accompanies the endocrine changes described above. 
Releaser pheromones produce specific behavior patterns, such as sexual attraction, 
avoidance, etc. Many mammals deposit chemicals in and/or around their "territory". As 
these vaporize, they signal to other members of the species of the presence of the 
occupant of the territory. Domestic rabbit mothers release a mammary pheromone that 
triggers immediate nursing behavior by their pups (Holldobler, 1995; Schaal et al., 
2003). Ants secrete a releaser pheromone to guide other ants to food by leaving a 
marked trail behind them.  

 
Peripheral Detection and Processing of Chemosensory Stimuli 
 
 Pheromonal stimuli that are discriminated by the vomeronasal system, including 
non-volatile molecules are thought to enter the nose following contact with a stimulus 
source and to dissolve in nasal mucus. From there, they can be drawn into the 
vomeronasal organ lumen by a vascular pump. The pump is activated in association 
with sniffing in response to novelty in the environment (Meredith, 1994). These 
vomeronasal stimuli are detected by the microvillar vomeronasal receptor neurons 
found inside the vomeronasal organ (VNO) in the nose. In contrast, volatile odors are 
detected by ciliated olfactory receptor neurons found in the olfactory epithelium, after 
they are pulled into the nose by sniffing. In rodents, the VNO opens into the ventral 
groove of the nasal cavity where it gains access to water-soluble chemical cues carried 
by the nasal mucus. In contrast, the main olfactory epithelium (MOE) located in the 
posterior recesses of the nasal cavity is accessible to small odorant chemicals carried in 
the air (See Figure 1). 
 Signal transduction in the main olfactory epithelium (MOE) is mediated by 
specific odorant receptors that do not share homology with the vomeronasal receptors 
(described below). These G-protein coupled receptor molecules are seven 
transmembrane-domain proteins encoded by a family of approximately 1000 genes in 
rats and mice (Vassar et al., 1994) (Buck and Axel, 1991) (Vassar et al., 1993). In 
contrast to the mammalian vomeronasal system, a lot is  known about the signal 
transduction mechanisms that are involved in odorant processing in  the main olfactory 
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system. When odorant receptors are activated, the G-protein, Golf   (Jones and Reed, 
1989; Belluscio et al., 1998) activates type 3 adenylyl cyclase (Wong et al., 2000) 
(Bakalyar and Reed, 1990) (Wei et al., 1996), which increases production of intracellular 
cAMP. Odorant stimulated increases in cAMP activate the cyclic nucleotide gated ion 
channels (CNGC) (Brunet et al., 1996) (Dhallan et al., 1990). Mutations in any part of 
this pathway produce anosmia to many odorants in mice (Belluscio et al., 1998) (Brunet 
et al., 1996; Wong et al., 2000). 

Vomeronasal sensory neurons (VSNs) express different receptors and do not 
express type-3 adenylyl cyclase, CNGC, or G olf  (Berghard and Buck, 1996; Berghard et 
al., 1996) (Dulac and Axel, 1995; Berghard and Buck, 1996). Three families of genes 
encoding candidate VNO receptors have been cloned (V1Rs, V2Rs, and V3Rs). Like 
the olfactory receptors, all three families of VN receptors fall in to the superfamily of G-
protein coupled receptors. The V1R family (comprising about 80 genes) is restricted to a 
subset of VSNs with cell bodies located in the apical zone of the VNO (Dulac and Axel, 
1995). The V2R family (comprising about 50�100 genes) (Herrada and Dulac, 1997; 
Matsunami and Buck, 1997; Ryba and Tirindelli, 1997; Martini et al., 2001) is restricted 
to VSNs with cell bodies in the basal zone. Members of the V2R family are 
characterized by a large N-terminal binding domain and share sequence homology with 
metabotropic glutamate receptors, Ca+2 sensing receptors, and taste receptors (Hoon 
et al., 1999). More recently, a third family of candidate pheromone receptors, V3Rs 
comprising 100�120 genes was identified (Pantages and Dulac, 2000). V3Rs are 
closely related to V1Rs, forming one of several subgroups of a larger V1R superfamily 
(Mombaerts, 2001). These neurons are also found in the apical zone of the VNO but are 
distinct from neurons expressing V1Rs. The V3R genes could be particularly interesting 
because sequences related to this receptor family have been found in humans 
(Pantages and Dulac, 2000; Rodriguez et al., 2000).  Recent studies have shown that 
VRs, particularly those of the mouse V1R family can be activated by urine (Inamura et 
al., 1999; Holy et al., 2000) or by solutions containing components of mouse urine such 
as the major urinary proteins or small volatile molecules (Boschat et al., 2002) 
(Leinders-Zufall et al., 2000; Sam et al., 2001).  Many of these urine fractions are 
�putative mouse pheromones� because they have been shown to effect the behavior 
and endocrine state of other mice.  

In addition to these receptor genes, several other cellular signaling components 
have been found to be expressed in the VNO, including the G-protein sub-units, Gαi2 
and Gαo and the transient receptor potential (Trp2) ion channel (Colbert et al., 1997b; 
Liman et al., 1999). Trp2 is homologous to osm-9, a trp-like channel that mediates 

olfactory responses in the nematode Caenorhabditis elegans (Colbert et al., 1997a), 

suggesting that trp2 may be the chemosensory-activated transduction channel in the 
VNO. Behavioral and physiological studies have been conducted in Trp2 knock-out 
(KO) mice (Leypold et al., 2002; Stowers et al., 2002). In the absence of Trp2,  VNO 
neurons were electrically active, but did not respond to low concentrations of urinary 
pheromones from other mice. These male mice failed to show the pheromone-evoked 
aggression toward male intruders that is normally seen in wild-type mice.  The mutant 
mice also displayed mounting and courtship behavior toward both females and males. 
This study suggests that in the mouse, sensory activation of Trp2 channels in the VNO 
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is essential for sex discrimination. Trp2 KO mice are not behaviorally identical to adult 
mice with VNOs surgically removed, which have severe deficits in mating behavior, but 
no tendency to court other males.  It is not clear whether this difference reflects some 
necessary function Trp2 during development of brain wiring involved in reproductive 
behavior, but it does seem to implicate Trp2 as an important part of a vomeronasal 
transduction cascade. 
 
Sensitivity of Vomeronasal and Main Olfactory Receptors 
 

As described above, the VNO does not express type-3 adenylyl cyclase 
(Berghard and Buck, 1996; Berghard et al., 1996). A very recent study took advantage 
of this specificity of signal transduction machinery between the VNO and MOE.  
Because the VNO does not express type-3 adenylyl cyclase (AC3), and AC3 knockout 
mice do not have olfactory responses, these knockout mice were used to investigate in 
vivo responses of the VNO to general odorants. Trinh and Storm recorded surface 
�receptor potentials,� electro-olfactogram (EOG) and electro-vomeronasal olfactogram 
(EVG) responses, in wild-type and AC3 knockout mice. They found that the anosmic 
AC3 knockout mice mated normally (a sign of intact vomeronasal function), but were 
anosmic. In these anosmic animals, the vomeronasal system responded to volatile 
odorants in the absence of signaling through the main olfactory epithelium (Trinh and 
Storm, 2003).  These responses are not surprising because main olfactory receptors 
are sensitive to molecular components of a whole odorant or in this case a whole 
�pheromone.� It is likely that these components would activate main olfactory receptors.  
The main olfactory epithelium is also sufficient to support mating behavior in sexually-
experienced males with their vomeronasal organs removed (Meredith, 1986).  

Another group used calcium imaging and found that single mouse vomeronasal 
neurons not only responded to six mouse �pheromones� , but also to general odorants. 
Like main olfactory receptor neurons (ORNs), these vomeronasal neurons were 
activated by a single odorant of a mix of odorants, and could distinguish between two 
related odorants. Vomeronasal neurons responded to very low concentrations of both 
�pheromones� and general odorants (Sam et al., 2001). These data suggest that some 
odorants are detected through both the MOE and VNO. Although the mechanism for 
perception of general odorants through the VNO is not known, both the main and 
accessory olfactory systems have projections into the amygdala. This may provide an 
opportunity for communication between the two systems. Based on these data, it is 
evident that the VNO and MOE have overlapping functions and may be not as 
specialized as previously thought.. 
 
Distribution of Vomeronasal Receptors Across Species 
 

  For millions of years, mammals have used nasal chemosensory input to adapt 
and reproduce in constantly changing environmental conditions. This apparent success 
is due in large part to evolutionary refinement of chemosensory communication that in 
turn influences the behavior and neuroendocrine status of conspecifics via species-
specific chemical signals (pheromones).  Vomeronasal receptors have been found in 
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many species . A single receptor gene of VNO type, known as V1RL1 was recently  
identified and reported to be expressed in the human olfactory mucosa (Rodriguez et 
al., 2000). Because this gene has very little homology to mouse VNO receptors and is 
expressed in a different location, it has been suggested to be a general odorant 
receptor and not a �pheromone� receptor  (Kouros-Mehr et al., 2001). Other cDNA 
sequences that are similar to V1Rs and V2Rs have also been found in humans, but 
they are all pseudogenes (Giorgi et al., 2000) (Kouros-Mehr et al., 2001). These data 
indicate that human VNO receptor genes throughout the genome have undergone 
significant degeneration as have the human olfactory OR genes, some 60-70% of which 
are also pseudogenes (Giorgi et al., 2000)  . The V1RL1 gene may play a significant 
role in chemosensory communication via the olfactory system, and was thus not under 
selective pressure to degenerate, or may simply be a remnant not under any negative 
selective pressure.  

Wakabayashi et al. identified homologue genes of the rodent putative pheromone 

receptor in goat (gV1Rs), and found that the gV1R1 transcripts were expressed not only 
in sensory neurons of goat VNO but also in those of the main olfactory epithelium (OE). 
The expression of the same receptor in the VNO and OE suggests that the goat 
recognizes and processes ligand information through the two distinct olfactory systems 
although a chemoreceptive function for the protein has not yet been demonstrated 
(Wakabayashi et al., 2002).  The expression of the V1R homologue gene in the OE was 
also recently reported in human  (Rodriguez et al., 2000) (described above), despite the 
fact that adult human does not have a functional vomeronasal system similar to that in 
rodents or even-toed ungulates (Stensaas et al., 1991) (Meredith, 2001).  

Other mammalian homologues of the vomeronasal receptor genes have been 
found, but only of the V1R/V3R family. Among these, some species such as the 
marmoset, have only pseudogenes even though they have a well developed VNO 
(Giorgi, 2003). The V2R family of vomeronasal receptors has also been identified in 
fugu and in goldfish (Cao et al., 1998) (Naito et al., 1998), but have not been found in 
any other mammalian group than rodents. The third family of vomeronasal receptors 
which are really a subfamily of the V1Rs (the V3Rs) have been found in cows, pigs, 
cats, Rhesus monkeys, and humans (Dulac, 2000; Pantages and Dulac, 2000).  

The pheromone detection function of the VNO presumably works best when 
pheromones are not conferred between species, suggesting some selection pressure to 
develop different receptors. The V1R family of genes is widespread in the species 
investigated so far investigated. It is not clear whether genes with high homology 
actually bind the same ligands.  

 
Dichotomy of Projections to the Rostral and Caudal AOB 
 

The two zonally organized VSN groups in rodents can be further distinguished 
based on the expression of G-proteins and cell adhesion molecules: apical zone VSNs 
(expressing V1Rs and V3Rs) express the G protein α subunit Gαi2 (Halpern et al., 
1995) (Berghard and Buck, 1996) and the olfactory cell adhesion molecule (OCAM) 
(Mori et al., 1987) (Yoshihara and Mori, 1997), whereas basal zone VSNs (expressing 
(Brennan et al., 1999)V2Rs) selectively express Gαo and are OCAM-negative. The two 
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zonal subsets of VSNs project their axons to glomeruli that are arranged in non-
overlapping zones in the accessory olfactory bulb (AOB) (Imamura et al., 1985) (Mori et 
al., 1987) (Jia and Halpern, 1996; Jia et al., 1997) (von Campenhausen et al., 1997; 
Yoshihara and Mori, 1997). Apical zone Gαi2 VSNs project their axons exclusively to 
the rostral zone of the AOB and connect to mitral cells in this region (Jia and Halpern, 
1996; Jia et al., 1997). Basal zone Gαo VSNs selectively send their axons to the caudal 
zone of the AOB and synapse with mitral cells in this region (Jia and Halpern, 1996; Jia 
et al., 1997) (See Figure 5).   
 Although studies have suggested that there may be a functional significance of 
the zonal segregation of VNO to AOB pathways that represent signals from different 
families of vomeronasal receptors, the role of each family for chemosensory detection 
has not clearly been defined (Halpern et al., 1998b; Halpern et al., 1998a) (Mori et al., 
1998) (Belluscio et al., 1999) (Brennan et al., 1999) (Krieger et al., 1999) (Rodriguez et 
al., 1999) (Dudley and Moss, 1999) (Kumar et al., 1999).  The first studies to investigate 
the role of different sub-populations of VSNs were conducted by Krieger et al. in 1999 in 
rats. Their biochemical assays revealed that stimulation with non-overlapping sets of 
urine fractions of different molecular weights activated different  G-protein subunits. 
Lipophilic volatile odorants activated Gαi2, whereas Gαo activation was elicited by the 
major urinary protein α2u-globulin. Since each G protein subtype is co-expressed with 
different vomeronasal receptors, these results provided the first experimental evidence 
that different families of vomeronasal receptors may be activated by different 
components of rat urine (Krieger et al., 1999).  
 In mice, two similar classes of urine-derived molecules known to have 
�pheromonal� activity have been described: the major urinary proteins  and the small 
volatile molecules that are usually bound to the MUPs. These two groups of urine 
compounds trigger different behavioral responses (Novotny et al., 1985)  (Jemiolo et al., 
1986) (Bacchini et al., 1992). Brennan et al. (1999) used expression of the immediate 
early gene , egr-1 to investigation activation in the AOB in mice that were exposed to 
these different components of mouse urine. They found that exposure to 2,3 dihydro-
exo-brevicomin and 2-sec-butyl-4,5-dihydro-thiazole,two of the ligands bound to the 
major urinary proteins, increased expression of egr-1 in the caudal part of the AOB 
(Brennan et al., 1999). Whole male urine and a preparation of major urinary proteins 
(MUPs) that had been stripped of their ligands induced egr-1 expression in the rostral 
part of the accessory olfactory bulb in addition to the caudal part (Brennan et al., 1999). 
These data suggest that the rostral and caudal halves of the AOB are processing 
different components of the male pheromone signal with the anterior region, responding 
preferentially to major urinary proteins, being principally concerned with the strain 
recognition component. Taken together , these two studies in mice and rats suggest 
that the two zonal cell pathways process signals from structurally different sets of 
�pheromone� molecules which may represent information related to different aspects of 
the behavioral response to pheromones. 
 In a separate set of experiments, Dudley and Moss (Dudley and Moss, 1999) 
suggest that the dichotomy in the VNO-AOB projections may separate pheromones 
based on the behaviors they drive (Kumar et al., 1999). Exposure of one strain of male 
mice to males of another strain resulted in aggressive behavior and increased Fos  
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Figure 5 Apical zone vomeronasal sensory neurons that express the V1Rs (and V3Rs) 

also express the G protein α subunit Gαi2 and project to rostral AOB. Basal zone 
vomeronasal sensory neurons express the V2Rs and Gαo and project to caudal AOB. 
The V3Rs, a sub-family of the V1Rs with similar distribution, are not represented on the 
figure. Modified from Pantages and Dulac, 2000. 
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expression in the caudal AOB in both strains. Exposure of a male to a female mouse of 
the same strain resulted in increased Fos expression in the rostral AOB.  The authors 
proposed that male-to-male interactions involving inter-strain recognition activate a 
separate population of vomeronasal receptor neurons (projecting to caudal AOB) than 
do chemosensory cues detected in a sexual context (activating rostral AOB). They 
found a similar result in different experiments in which mice were stimulated with only 
the pheromonal cues. 
 In chapter one of this dissertation, I will show that hamsters also have a 
rostral/caudal division characterized by Giα2 and Gαo expression, and used Fos 
expression to look at selective activation of neurons in rostral or caudal AOB in male 
hamsters exposed to stimuli from three categories: conspecific (socially-relevant) 
chemosensory stimuli; heterospecific (socially non-relevant) chemosensory stimuli; and 
a general odorant stimulus. Earlier studies conducted in male hamsters showed there 
was more activation of the caudal part of the AOB in males exposed to the female 
pheromone component aphrodisin (Jang et al., 2001). Aphrodisin is a protein isolated 
from female hamster vaginal fluid (HVF) that acts via the VNO probably in combination 
with a small lipid ligand, to induce mounting behavior in male hamsters (Clancy et al., 
1984; Singer et al., 1984a). It accounts for much, but not all, of the aphrodisiac 
properties of HVF (O'Connell and Meredith, 1984b; Singer et al., 1984b). It does not 
account for the attractive properties. In our studies male hamsters were exposed to 
whole HVF. 
 
Importance of the VNO for Mating: Role of Sexual Experience  
 

The importance of the vomeronasal system in male mice and hamsters has been 
demonstrated in many behavioral studies, usually involving lesions of the VNO or main 
olfactory epithelium (MOE) or both. Those studies showed that some form of 
chemosensory input is required to sustain mating behavior (Powers and Winans, 1973, 
1975; Wysocki et al., 1983; Meredith, 1986) and hormonal responses (Powers and 
Winans, 1973, 1975; Wysocki et al., 1983; Coquelin et al., 1984; Meredith, 1986) to 
conspecifics. For example, bilateral olfactory bulbectomy in hamsters (Murphy and 
Schneider, 1970), or combined peripheral olfactory and vomeronasal lesions eliminate 
mating (Powers and Winans, 1975; Meredith et al., 1983). In many cases, chemical 
signals must act via the VNO to influence behavior. In sexually-naïve male hamsters, 
independent lesions of the VNO or main olfactory epithelium have different  
consequences. For example, lesions of the olfactory epithelium by nasal infusion of zinc 
sulfate solution make the animal anosmic, but do not impair mating (Powers and 
Winans, 1973) (Meredith and O'Connell, 1988). There have been conflicting findings 
concerning the effect of lesions of the vomeronasal system on copulatory behavior in 
hamsters. Johnston and Rasmussen (1984) and Murphy (1980) have reported that 
experience males with surgical removal VNOs still mate normally. Our lab has 
described numerous studies that show that bilateral lesions of the VNO create deficits in 
mating behavior in sexually naive male hamsters in a 5 minute mating test (Meredith, 
1986; Fernandez-Fewell and Meredith, 1994, 1995) (Westberry and Meredith, 2003b; 
Westberry and Meredith, 2003c). Winans and Powers first described these severe 
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mating deficits that occur following vomeronasal nerve (VN) cuts (Powers and Winans, 
1975). In those studies, one third of the sexually-experienced male hamsters did not 
mate.   

As mentioned above, male hamsters are heavily dependent on their nasal 
chemosensory systems for initiation of reproductive behavior (Darby, 1975; Gregory et 
al., 1975; Johnston, 1977; Meredith et al., 1983) (Darby, 1975) (Singer et al., 1984a). 
Pheromonal chemosignals found in female hamster vaginal fluid (HVF) are transduced 
via the VNO (Clancy et al., 1984), but HVF also stimulates the main olfactory bulb and 
may contain biologically important chemosignals detected through the olfactory system 
(O'Connell and Meredith, 1984a). HVF has multiple behavioral and physiological actions 
including attraction of males to the vicinity of the female and promotion of genital 
investigation (Murphy, 1973; Johnston, 1974a; Gregory et al., 1975; Landauer et al., 
1977; Macrides et al., 1977), facilitation of male copulatory behavior (Darby, 1975) 
(Johnston, 1975a) (Landauer et al., 1977) (Macrides et al., 1977) (Murphy, 1973), 
suppression of male aggression towards females (Johnston, 1975e) (Murphy, 1973) 
(Murphy, 1976) and elicitation of a neuroendocrine reflex resulting in acute elevations of 
testosterone (Macrides et al., 1974).  A protein, aphrodisin, isolated from whole HVF 
elicits substantially the same behavior as HVF but may not be active by itself. It appears 
to carry a small ligand, probably a lipid, necessary for its chemosensory function (Singer 
and Macrides, 1990a). A bacterially synthesized aphrodisin protein is only behaviorally 
active if mixed with a non-proteinaceous extract from HVF (Singer et al., 1984a). 
Behaviorally effective and ineffective components of HVF activate the AOB in a different 
pattern (Jang et al., 2001).  A more detailed description of the role of HVF in social 
communication is included below. 
 
Central Processing of Chemosensory Signals 
 

The VNO projects solely to the ipsilateral accessory olfactory bulb (AOB) via 
vomeronasal nerves that run under the septal epithelium and between the main 
olfactory bulbs (Barber and Raisman, 1974; Itaya, 1987).  Fibers from the AOB form the 
accessory olfactory tract (Kevetter and Winans) which project to several nuclei in the 
amygdala including: anterior (MeA) and posterior medial (MeP) and posteromedial 
cortical nuclei (PMCN) of the amygdala (Davis et al., 1978) (Scalia and Winans, 1975). 
These nuclei are strongly interconnected and are often called the �vomeronasal 
amygdala�  (Kevetter and Winans, 1981b) because they are the only regions of the 
amygdala that get direct input from the AOB. There is also a small part of the AOT that 
projects to the Bed nucleus of the stria terminalis (BNST) at the level of the decussation 
of the anterior commissure (Scalia and Winans, 1975; Davis et al., 1978; Kevetter and 
Winans, 1981b) 

The medial amygdala projects to areas of the basal forebrain that have been 
shown to be important for reproductive and social behavior (data described below) 
(Davis et al., 1978) (Scalia and Winans, 1975; Davis et al., 1978; Coolen and Wood, 
1998).  These areas include the medial preoptic area (MPOA)/ anterior hypothalamic 
area (AHA), medial BNST, and ventromedial nucleus of the hypothalamus (VmH). 
Efferents from the medial amygdala to the BNST and MPOA travel via the ventromedial 



 18

stria terminalis (Krettek and Price, 1978). There is also another pathway from the medial 
amygdala to the BNST (Lehman et al., 1983) that is separate from the stria terminalis.   
( The MeA projects heavily to MeP (Gomez and Newman, 1992) and to the lateral 
MPOA and posterior intermediate regions of the BNST (Lehman et al., 1983; Gomez 
and Newman, 1992).   

The medial amygdala is comprised of anterior and posterior nuclei which have 
different efferent projections (Gomez and Newman, 1992) (Canteras et al., 1995) and 
have been suggested to  regulate different functions related to reproductive behavior 
(Lehman and Winans, 1982, 1983) (Wood and Newman, 1995b). In hamsters, the 
anterior division of the medial amygdala has widespread connections with 
olfactory/chemosensory regions, while the posterior division of the medial nucleus 
(MeP) is heavily interconnected with steroid-responsive brain regions (Coolen and 
Wood, 1998).  These two divisions of the medial amygdala (MeA and MeP) have 
different connections with the preoptic area and the BNST.  The MeA projects to the 
intermediate part of the posterior bed nucleus of the stria terminalis (pmBNSTi) and the 
lateral part of the medial preoptic area, whereas the MeP projects to the medial parts of 
these areas (Gomez and Newman, 1992). There is also a heavy projection from MeA to 
MeP (Gomez and Newman, 1992). See Figure 6. 

In contrast to the relatively restricted projections from the AOB, the main olfactory  
bulb (MOB) projects to many areas of the brain including piriform cortex (PC), entorhinal 
cortex (EC), anterior olfactory nucleus (AON), olfactory tubercle (OT), and nucleus of 
the lateral olfactory tract (nLOT) (Kevetter and Winans, 1981a) (Scalia and Winans, 
1975; Davis et al., 1978; Kevetter and Winans, 1981b). The MOB also sends afferents 
to regions of the amygdala including the anterior cortical nucleus (ACN) and postero-
lateral cortical nucleus (PLCN), together called the olfactory amygdala (Kevetter and 
Winans, 1981a, b). See the right side of Figure 6 for the projections from the VNO and 
AOB. The olfactory amygdala, especially the ACN is an indirect route by which main 
olfactory signals can influence areas in the vomeronasal pathway, because it has strong 
projections to MeA (Coolen and Wood, 1999).  Sexually-naïve male hamsters that have 
their vomeronasal organs removed (VNX) show severe mating deficits (Meredith, 1986). 
However, if the male has sexual experience prior to the removal of the VNO, these 
mating deficits do not occur. In this case, olfactory inputs are enough to drive mating 
behavior, probably via these intra-amygdaloid connections (Meredith, 1998a).  

In male Syrian hamsters, bilateral electrolytic lesions of many of the  brain nuclei 
that receive direct or indirect input from the AOB (Lehman et al., 1980) (Lehman and 
Winans, 1982) (Powers et al., 1987) or transaction of the fiber bundles connecting them  
alters mating behavior, and Fos reveals a selective pattern of activation in these same 
regions following mating (Kollack and Newman, 1992) (Fernandez-Fewell and Meredith, 
1994). In addition to relaying chemosensory information, neurons in the hamster Medial 
amygdala, BNST, and MPOA concentrate gonadal steroids (Doherty and Sheridan, 
1981) (Wood et al., 1992). See the left side of Figure 6 for the projections from the VNO 
and AOB. For example, bilateral lesions of the  MeA eliminate male hamster mating 
behavior and decrease the time the male spends investigating the rear of a female 
hamster. Lesion of a more posterior region of the  amygdala that include the MeP, or 
sectioning the stria terminalis only alter the temporal sequence involved in mating  
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Figure 6 Schematic diagram showing the central projections of the vomeronasal organ 

(VNO; left side) and main olfactory receptors (MOR; right side). 
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behavior (Lehman et al., 1983). Lesions of the basolateral amygdala, an area of the 
amygdala that is involved with fear conditioning and other behaviors, do not produce 
these behavioral deficits (Lehman et al., 1980).  In male hamsters, small lesions of the 
MPOA confined to the part that gets MeP input eliminate copulation (Powers et al., 
1987).  Unlike MeA lesions,  MPOA lesions do not influence the time that male 
hamsters spend investigating the rear of female hamsters (Powers et al., 1987) 
(Lehman et al., 1980) (Lehman and Winans, 1982).  
  
Chemical Communication is Important for Social Behavior in Hamsters 
 

 Both male and female hamsters communicate their presence by scent marking 
objects in the environment (Johnston, 1998a) (Johnston, 1974b).  One important 
sources of chemosensory input in hamsters come from female hamster vaginal fluid.  
Females deposit HVF by vaginal marking, dragging the perineal area along a substrate. 
Female hamsters use their vaginal fluid for scent marking, predominantly during 
proestrus (Johnston, 1977), and extrude this material in response to tactile stimulation 
of their genital region by the male during courtship before copulation (Devor and 
Murphy, 1973).  This hamster vaginal fluid (HVF), often also referred to as female 
hamster vaginal secretion (FHVS) (Kollack-Walker and Newman, 1997) or hamster 
vaginal discharge (HVD) (Clancy et al., 1984; Macrides et al., 1984), has multiple 
behavioral and physiological actions including attraction of males to the vicinity of the 
female and promotion of genital investigation (Gregory and Pritchard, 1983) (Johnston, 
1974a) (Landauer et al., 1977) (Macrides et al., 1977) (Devor and Murphy, 1973), 
facilitation of male copulatory behavior (Darby, 1975) (Johnston, 1975a)  (Landauer et 
al., 1977) (Macrides et al., 1977) (Devor and Murphy, 1973), suppression of male 
aggression towards females (Johnston, 1975a) (Devor and Murphy, 1973; Murphy, 
1976) and elicitation of a neuroendocrine reflex resulting in acute elevations of 
testosterone (Macrides et al., 1974).  

Some of these actions have been attributed to different components of HVF. 
Highly volatile sulfur-containing compounds, particularly dimethyl disulfide (DMDS), 
mediate attraction to the female and may initiate genital investigation, but do not 
facilitate mating (Macrides et al., 1977) (Singer et al., 1976; O'Connell et al., 1978; 
Singer et al., 1983). More intense genital investigation and copulatory behavior such as 
mounting with intromissions is elicited by macromolecular fractions of HVF which do not 
attract males if physical contact with the stimulus is prevented (Singer et al., 1976; 
Singer et al., 1984b).  
 Males are strongly attracted to whole HVF (Devor and Murphy, 1973). In a semi-
natural environment, HVF from vaginal marks attracts males to a females burrow (Lisk 
and Baron, 1983). In experimental situations, exposure to HVF elicits sniffing, licking, 
and arousal in male hamsters (Devor and Murphy, 1973) (Johnston, 1974a, 1975b)).  
Males also spend more time investigating HVF than females (Powers and Bergondy, 
1983). The importance of HVF for mating behavior has been demonstrated in �scented 
male tests.�  In these studies, a male hamster is placed in an arena with an 
anesthetized male (surrogate female) that has been scented with HVF. In these tests, 
sexually naïve males are highly attracted to the HVF and exhibit copulatory behavior 
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toward the hindquarters of the anesthetized male (Darby, 1975) (Landauer et al., 1977) 
(Macrides et al., 1977) (Murphy, 1973).  Here, HVF clearly serves as a stimulus to 
induce mounting and copulatory behaviors in even naive male hamsters (Johnston, 
1975c, d, e).  Male hamsters exposed to HVF have increased Fos expression in many 
areas along the vomeronasal pathway and in the medial preoptic area (Fiber et al., 
1993; Fernandez-Fewell and Meredith, 1994; Kollack-Walker and Newman, 1997).    

Another scent marking behavior in hamsters is flank marking. Hamsters have a 
region of enlarged, pigmented sebaceous glands on the dorsal flank, called the flank 
gland that they use to mark their home area and surrounding environment (Johnston, 
1975a). Flank marking is characterized by arching the back and rubbing these flank 
glands vigorously against objects in the environment thereby releasing odors 
recognized by conspecifics (Johnston, 1998a) (Johnston, 1975a). Flank marking is an 
important behavior displayed by both male and female hamsters in which flank gland 
secretions (FGS) are left behind to convey olfactory and vomeronasal information 
important for species recognition, individual identification, and determination of social 
status (Johnston, 1998a) (Johnston, 1975a). Hamsters generally mark with low 
frequency in nonsocial environments, such as just before or after grooming, when 
exploring the environment, or as they enter or leave their home nest area (Johnston, 
1975d, e). Typically, high frequency flank marking is observed when hamsters are 
exposed to odors of conspecifics or during social encounters with conspecifics. For 
example, both male and female hamsters engage in high levels of flank marking 
following aggressive encounters with other hamsters, after which dominant hamsters 
flank mark significantly more than subordinates (Johnston, 1977). Flank-marking by 
females is stimulated more by other female odors than by male odors. The frequency of 
flank-marking is elevated by agonistic encounters and iss reduced by sexual 
encounters. Flank-marking seems to have functions related to functions of aggression 
among hamsters (Johnston, 1977) . 
 Female hamsters are often more aggressive than male hamsters and also 
display more frequent flank marking behavior (Johnston, 1977, 1979). In female 
hamsters, vaginal marking and flank marking are involved in mate attraction and choice 
(Huck et al., 1985). Females housed with males show increasing amounts of vaginal 
and flank marking over the 3 days preceding sexual receptivity. As the time of estrus 
approaches, the frequency of scent marking is reduced as the potential for engaging in 
reproductive behavior increases.  The appropriate sequencing of scent marking and 
lordosis during the estrus cycle could be influenced by the hormonal environment.  
Estrogen and progesterone stimulate estrus cycling, but inhibit flank marking (Albers 
and Rawls, 1989). 
 The neural circuit controlling the expression of flank marking can be activated by 
the posterior pituitary neurohormone- arginine vasopressin (AVP), and inhibited by an 
AVP antagonist.  Microinjections of AVP into several areas of the brain, such as the 
medial preoptic-anterior hypothalamus (MPOA-AHA) stimulates flank marking (Ferris et 
al., 1984). There is an increase in Fos expression in the central nucleus of the 
amygdala (CeA), the bed nucleus of the stria terminalis (BNST), and midbrain peri-
aqueductal grey matter (PAG) in response to flank marking induced by AVP 
microinjected into the MPOA-AHA (Bamshad et al., 1997). The AVP appears to work via 
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the V1a- AVP receptor, as V1a- AVP receptor antagonists block flank marking (Albers 
and Ferris, 1986; Bamshad and Albers, 1996).  These receptors are also present in 
brain regions implicated in a flank marking circuit (Bamshad and Albers, 1996) including 
the lateral septum, BNST, and central amygdala (CeA) (Szot et al., 1990; Johnston, 
1998a). Ibotenic acid lesions of the CeA reduce AVP-induced flank marking, while 
electrolytic lesions of the same region completely eliminate all flank marking behaviors 
(including flank marking and flank grooming) (Bamshad et al., 1997).  These data 
suggest that both the cell bodies in this region and the fibers of passage extending from 
the amygdala are important for this behavior.  
 
Immediate Early Gene (IEG) Expression 
 

Induced expression of immediate early genes (IEGs) is a useful marker of 
neuronal activity that may indicate that a particular brain region is involved in a 
particular behavior. Many brain regions can be screened at the same time and 
activation is indicated at the cellular level.  Expression of IEGs allows for closer 
phenotypic examination of cells that have been �activated� by an event.  Transcription of 
the proto-oncogene c-fos is induced rapidly and transiently following periods of 
stimulation.  After stimulation, c-fos RNA accumulates in the cytoplasm and translates 
the Fos protein. The Fos protein is then translocated into the nucleus where it forms a 
heterodimer with another nuclear protein, jun. Together, these proteins bind to a specific 
transcription regulatory site on DNA known as the AP-1 (activator protein-1) binding site 
(Morgan and Curran, 1991a) (Morgan and Curran, 1989; Sonnenberg et al., 1989). 
Numerous studies have shown a strong correlation between the expression of fos-like 
immunoreactivity in the nucleus and cellular stimulation. Although it is not our primary 
focus, IEGs also  play an important role as transcription factors that bind to the promoter 
of other genes and regulate their expression. Following strong depolarization, some of 
this gene induction is undoubtedly related to �housekeeping� functions; restoring the 
neuron to its state before stimulation. Other actions could change the state of the 
neurons.  
 In most cell types, the basal level of Fos expression is relatively low; however, it 
can be induced rapidly and transiently by many different stimuli (Curran and Morgan, 
1987). In particular, Fos is induced in situations where there is a voltage dependent 
calcium influx (Morgan and Curran, 1986). In experiments using a drug that inhibits 
GABA -receptor function, therefore suppressing the inhibitory action of GABA, there 
was a substantial increase in c-fos mRNA in the entire brain, accompanied by strong 
seizure activity. Initial increases in c-fos mRNA occurred 15 minutes after the drug 
(Metrazole) was given and persisted for 3 hours. After 4 hours, c-fos was significantly 
lower than baseline (Morgan et al., 1987).  
 Although the IEG mapping technique allows for good cellular resolution which is 
not possible with alternative methods such as 2-DG accumulation, optical methods such 
as voltage sensitive dye recording, or functional MRI, it is subject to some caveats and 
potential artifacts (Harris, 1998). IEGs may be constitutively expressed or never 
expressed in some cells, making it impossible to see an increase in their expression; 
therefore, a lack of an increase above control does not mean that a cell is not activated 
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(Hoffman et al., 1993), unless there are other circumstances where Fos expression 
does clearly occur in the cell. Most neurons do not express detectable levels of Fos 
under baseline conditions when animals are awake, and quietly active in their home 
cages. Some neurons express Fos when they are inhibiting other neurons (White and 
Price, 1993), so Fos activation, as with action-potential generation, is not always a good 
sign that a brain area is generating neural output.  The use of antibodies (protein) or 
DNA probes (mRNA) to locate IEGs offers great cellular resolution, but poor  temporal 
resolution.  In complicated sequential tasks, it may be difficult to establish the particular 
event that induces expression of the IEG.  It is also the case that different IEGs are 
expressed on different time scales.  Another caveat is that while short-term Fos 
expression (45-90 minutes) is a good marker of neuronal activity, longer latency 
activation (3-24 hours) may actually be caused by intercellular signals from other cells 
that are activated by intracellular changes that occur when Fos is initially turned on.  
This may be the case in experiments using chemically induced inflammation or neural 
tissue damage (Hunter et al., 1995).  

The experiments described here focus on the use of immediate early genes as 
markers of neuronal activation (Morgan and Curran, 1991a).  Here I used two different 
antibodies that recognize the protein product of several IEGS.  The initial experiments 
use a polyclonal antibody that specifically recognizes the protein product of the c-fos 
gene, Fos. The later experiments use another polyclonal antibody I called FRAs 
because although Fos expression is a useful tool for marking neuronal activity in 
conditions where there is low basal activity and a stimulus increases this activity, it is 
not useful in several other conditions.  First of all, Fos is not expressed in all cell types 
within the brain.  Fos also is not a reliable marker of changes when cells have a 
decrease from baseline levels of activity.  Because inhibition is an important part of 
neural circuits within the amygdala, I wanted to find an IEG marker with higher levels of 
baseline expression.  I chose FRAs because it is expressed at higher baseline levels in 
some brain regions and is expressed in the small intercalated nucleus cells of the 
amygdala.  These cells are known to play a modulatory role in the fear conditioning 
circuits within the amygdala (Royer and Pare, 2002), but do not express Fos in our 
hands. FRAs (Fos-related antigens) include the FRA-1 and FRA-2 proteins and the 
protein product of the c-fos and fos B genes. As with Fos-protein studies, FRAs 
mapping is subject to several limitations: If FRAs is never expressed by a type of cell, 
no conclusions can be drawn about that type. In the experiments described here, both 
Fos and FRAs ICC were used in several brain regions. The conclusions that can be 
drawn from the two techniques, where both are applicable appear identical. This gives 
confidence that the IEG method is reliable (within its limits) and also gives confidence in 
the additional information obtained from the FRAs studies where Fos was not 
applicable. 
  
Fos Expression as an Appropriate Marker for These Studies 
 

 Fos expression has been used in many species to investigate the areas of the 
brain involved in chemosensory communication and mating behavior (Brennan et al., 
1992) (Dudley and Moss, 1999) (Halem et al., 2001) (Halem et al., 1999) (Bressler and 
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Baum, 1996) (Paredes et al., 1998) (Fernandez-Fewell and Meredith, 1994) (Fiber and 
Swann, 1996). Our lab has concentrated on the use of Fos and FRAs protein 
expression in male hamsters as a measure of activation in central chemosensory 
pathways, by chemosensory input.  In males stimulated only with the chemical signals 
(HVF) that would normally facilitate mating, there is significant activation of Fos and 
FRAs expression in central VN pathways including the accessory olfactory bulb (AOB), 
anterior and posterior medial amygdala (MeA and MeP) and the bed nucleus of the stria 
terminalis (BNST) (Fernandez-Fewell and Meredith, 1994) (Meredith, 1998b) (Fewell 
and Meredith, 2002; Westberry and Meredith, 2003a). 
 In most of the studies described here, animals were exposed to a stimulus for 15 
minutes and perfused after a further 30 minutes. This interval allows time for c-fos gene 
transcription and Fos protein translation, but helped us avoid persistent Fos expression. 
In these studies, the relative number of activated cells in animals with different 
treatments was of most interest.  I examined Fos or FRAs expression in controlled 
conditions in which only one variable was manipulated; therefore animals began with 
similar baseline Fos or FRAs levels, and differences could be attributed to the 
manipulated variable. In mating male hamsters, Fos protein expression in the medial 
amygdala reached peak values between 45 and 90 minutes following initial exposure to 
a receptive female. Fos expression was significantly decreased by 6 hours from the 
original exposure (see Figure 7 for time-course of Fos expression).  
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Timecourse of Fos protein expression in response 
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Figure 7 Time-course of Fos protein expression in sexually naïve male hamsters after mating 

with a receptive female for 15 minutes.  The anterior and posterior medial amygdala (MeA and 
MeP) are the first relays for information from the accessory olfactory bulb (AOB).  Here they are 
both activated by mating. Maximum Fos protein expression occurred at 45 and 90 minutes. 
There was a very low baseline level of Fos expression (0 minutes). By 6 hours, Fos expression 
was no longer significantly different than baseline (0 minutes) in MeA or MeP. 
 

Timepoints on the Y-axis represent time from initial exposure to a receptive female.  Sexually-
naïve male hamsters were removed from their home cage and placed into the cage of a 
receptive female and allowed to mate for 15 minutes, then returned to their homecage until 
time of perfusion.  All animals achieved at least 5 intromissions in the first 5 minutes (our 
measure of mating competence). Note that Fos expression is higher with mating than with 
exposure to only the female pheromones found in vaginal fluid (HVF). In the following 
experiments, male hamsters were exposed to HVF and not allowed to mate. 
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CHAPTER 1 
 

FOS EXPRESSION IN THE ANTERIOR AND POSTERIOR MEDIAL AMYGDALA AND 
ACCESSORY OLFACTORY BULB OF MALE HAMSTERS EXPOSED TO 

CHEMOSENSORY STIMULI 
 
 
 
 

Introduction 
 
 Chemosensory stimuli critical for mating and social behavior in male hamsters 
are detected by the vomeronasal organ and the olfactory epithelium (Kollack-Walker 
and Newman, 1997; Johnston, 1998b; Meredith, 1998b). Sensory neurons in the VNO 
project axons to the accessory olfactory bulb (AOB), which sends a large projection to 
the anterior medial amygdala (MeA). Another part of the medial amygdala, the posterior 
medial amygdala (MeP) also gets a small projection from the AOB, but a major part of 
its chemosensory input comes indirectly via the MeA (Gomez and Newman, 1992)(See 
Figures 4 and 6).  As indicated by increased immediate-early gene (IEG) expression 
(Morgan and Curran, 1991b),  both of these anatomical nuclei in the medial amygdala 
(MeA and MeP) in male hamsters are strongly activated during mating or exposure to a  
female chemosensory stimulus, female hamster vaginal fluid (HVF) (Kollack and 
Newman, 1992; Fiber et al., 1993; Fernandez-Fewell and Meredith, 1994). This 
activation is important because the medial amygdala projects to the medial preoptic 
area (MPOA) and bed nucleus of the stria terminalis (BNST), areas critical for mating  
behavior in male hamsters (Lehman et al., 1980; Lehman et al., 1983; Powers et al., 
1987). Figures 4 and  6 illustrate the relationship of these areas. 

In an attempt to discover additional regions of the brain that might respond to 
VNO chemosensory stimulation, other investigators from the lab artificially stimulated 
the vomeronasal system by electrical stimulation of the VNO or injection of a drug into 
the AOB that dis-inhibits (and thus increases) the output from the AOB. Surprisingly, the 
artificial stimulation activated fewer brain regions than mating or exposure to an 
important conspecific chemosensory stimulus, HVF; in particular MeA was more 
strongly activated than MeP (See Figure 8). I hypothesized that heterospecific stimuli, 
which do not provide socially-relevant information for hamsters, would respond in the 
same manner as �artificial� stimuli. If the amygdala recognized patterns of input; the 
pattern would be different with heterospecific stimuli than with natural conspecific stimuli 
that activate MeA and MeP. To test this hypothesis, I compared Fos expression  
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Mating and or exposure to conspecific stimuli such as female 

hamster vaginal fluid (HVF) activate AOB, MeA, and MeP.
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Figure 8 Schematic diagram showing some of the pertinent Fos expression data from 
our lab.  Mating and exposure to chemosensory signals from female hamsters activates Fos 

expression in the accessory olfactory bulb (AOB), anterior medial amygdala (MeA), and 
posterior medial amygdala (MeP). Surprisingly, artificial stimulation by electrical stimulation of 
the VNO or injection of a drug that increases output from the AOB only activates MeA, but not 
MeP.  
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patterns in the medial amygdala in male hamsters exposed to (i.e. allowed to 
investigate) chemosensory signals from other hamsters (conspecifics) or those signals 
used for similar communication by other species (heterospecifics). In these studies, the 
pattern of input between the two categories of stimuli may be more similar than with 
artificial stimulation and provides a better test of categorization in the amygdala. I found 
that the medial amygdala responses to different conspecific stimuli were all similar (both 
MeA and MeP were activated), but different from the responses to the heterospecific 
stimuli (only MeA was activated).  
.   
 

Background 
 

 
Artificial Stimulation Activates MeA and MeP 
 

Artificial stimulation by unilateral electrical stimulation of the VNO (Meredith and 
Fewell, 2001) produces increased Fos expression in the AOB and MeA, but much 
lesser activation of MeP. The ratio of MeP to MeA Fos activation is very low compared 
with activation after exposure to a socially relevant chemosensory stimulus (HVF). 
These data suggest either that there is differential output from AOB to MeA and MeP, or 
that activity in MeA was not transmitted to MeP as effectively with electrical stimulation 
as it was with chemosensory input (HVF). It is not clear whether the low activity in MeP 
was due to inhibition or lack of excitation. (See Figure 8) 
 A second test of general activation of the vomeronasal system used artificial 
activation of the system by a metabotropic glutamate agonist (Nolte and Meredith, 
1999). The receptor mGluR2 is abundant in the AOB, with little expression in the MOB; 
therefore, it was convenient as a non-specific activator of the accessory system, without 
activating the MOB. The receptors are located on accessory bulb granule cells. In vitro 
work in mice shows that activation of mGluR2 receptors reduces GABA inhibition from 
granule cells onto accessory bulb mitral (output) cells, both recurrent inhibition (negative 
feedback) and lateral inhibition (Kaba et al., 1994). In vivo, this action would be 
expected to decrease inhibition of accessory bulb output, and thus, increase activity in 
the AOB and in the entire downstream vomeronasal pathway.  Unilateral injections were 
made in awake animals, allowing subsequent behavior to be recorded without 
interference from anesthetic. Infusion of 4 ug LCCG1 in to the AOB of animals in their 
home cages resulted in significantly increased Fos expression in the MeA on the 
injected side compared to the control side but did not significantly activate MeP. Thus, 
artificial stimulation of the AOB, like artificial electrical stimulation of the VNO produced 
high activation of MeA, but little activation of MeP. These artificial stimulation paradigms 
specifically and selectively stimulated the VNO or AOB without stimulating the main 
olfactory receptors or main olfactory bulb; therefore, the pattern of activation in the MeA 
and MeP does not seem likely to be due to differential contributions from the olfactory 
system. (This assumption is tested in later experiments). The two types of artificial 
stimulation are quite different in mechanism and time-course, but both would tend to be 
non-specific, activating all of the axons within range of the electrodes, regardless of the 
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information that they normally carry with chemosensory stimulation. To test our 
hypothesis that different patterns of input to MeA would determine whether MeP were 
activated. I tested 2 categories of chemosensory stimuli expected to differ in relevance 
for male hamsters.   
 
Conspecific Chemosensory Stimuli 
 
 Three important sources of chemosensory input in hamsters come from female 
hamster vaginal fluid (HVF) and male and female flank gland secretion (FGS).  Females 
deposit HVF by vaginal marking to attract males. Males and females deposit flank gland 
secretion (FGS) by flank marking. HVF is an important source of pheromones in 
hamsters that have sexual attractant (Johnston, 1974b)  and sexual stimulant 
(aphrodisiac) qualities (Johnston, 1975b). It serves as a stimulus to induce mounting 
and other copulatory behaviors (Johnston, 1975a).  Aphrodisin is a protein that is found 
in high concentrations in HVF. Aphrodisin  belongs to the lipocalin family of proteins that 
are known to be transporters of low molecular weight hydrophobic molecules. 
Aphrodisin is detected by receptors within the vomeronasal organ of  male hamsters, 
and stimulates copulatory behavior. HVF no longer stimulates mating if the protein is 
broken down with heat or proteolytic enzymes (Singer et al., 1986).  Attempts to remove 
small molecules from the protein have provided little indication of the presence of a 
transported ligand. However, the chemical and physical properties of the protein itself 
indicate that it could bind low molecular weight, water-insoluble compounds. Bacterially 
synthesized aphrodisin has little influence on behavior , suggesting that post-
translational modifications of the protein or the presence of an as yet undetected ligand 
may be necessary for full activity (Singer and Macrides, 1990b; Singer and Macrides, 
1993; Briand et al., 2000). Male hamsters that were exposed to aphrodisin extracted 
from HVF have increased Fos expression in the AOB (discussed below) (Jang et al., 
2001).  

Males hamsters are also strongly attracted to whole HVF. The importance of 
HVF for mating behavior has been demonstrated in �scented male tests.�  In these 
studies, a male hamster is placed in an arena with an anesthetized male that has been 
scented with HVF. Sexually naïve males are highly attracted to the HVF and exhibit 
copulatory behavior toward the hindquarters of the anesthetized male (Darby, 1975) 
(Landauer et al., 1977) (Macrides et al., 1977) (Murphy, 1973) (Meredith et al., 1980)..   

Flank gland secretion is another important chemosensory stimulus in both  male 
and female hamsters (Johnston, 1998a). Flank marking is used to establish dominance, 
choose a mate, or communicate sexual motivation (Huck et al., 1985; Albers and Ferris, 
1986; Ferris et al., 1986; Ferris et al., 1987). Typically, high frequency flank marking is 
observed when hamsters are exposed to odors of conspecifics or during social 
encounters with conspecifics. For example, both male and female hamsters engage in 
high levels of flank marking following aggressive encounters with other male and female 
hamsters, after which dominant hamsters flank mark significantly more than 
subordinates (Johnston, 1977). Females flank mark twice as much as males in 
response to male odors(Albers and Prishkolnik, 1992). Flank marking may be important 
for stabilizing social relationships and for increasing the likelihood of reproductive 
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success. Female flank gland secretion is also an important source of individually 
discriminable and sexually arousing odors for male hamsters. Female hamsters are 
often more aggressive than male hamsters and also display more frequent flank 
marking behavior (Johnston, 1977, 1979). In female hamsters, vaginal marking and 
flank marking are involved in mate attraction and choice (Huck et al., 1985).  
 In the following studies male hamsters were exposed to HVF and female and 
male flank gland secretion.  I measured Fos expression in the vomeronasal projection 
areas such as the accessory olfactory bulb and medial amygdala. Flank marking was 
one of the behaviors that I recorded, but my primary interest was comparing Fos 
expression in the brain circuits that are engaged in response to this socially-relevant 
sensory input, with Fos responses in male hamsters exposed to stimuli from other 
species (described below).  
 
Heterospecific Chemosensory Stimuli 
 

The heterospecific stimuli came from mice and cats, which may be competitors 
or predators, but their chemical signals should not have social relevance to male 
hamsters. Chemosensory stimuli from heterospecifics would be expected to  provide a 
different pattern of input to MeA than chemosensory stimuli from other hamsters 
(conspecifics). If that was the case, then MeA might recognize an incorrect or artificial 
pattern of input as different from patterns characteristic of socially-relevant stimuli and 
not pass on information about the stimulus to the MeP. Another possibility was that the 
MeA might actively prevent activation of MeP when the stimulus came from another 
species (and, therefore was not socially relevant) by inhibiting activity in MeP, directly or 
indirectly, via local interneurons. I predicted that the relative activation of MeP compared 
to that of MeA would be decreased in males exposed to a heterospecific stimulus.  

In mice and cats, biologically relevant information is found in urine (Verberne, 
1976). Many studies have demonstrated that mouse urine affects the behavior and 
physiology of other mice (Jemiolo et al., 1986; Novotny et al., 1999)and also directly 
activates vomeronasal receptors (Holy et al., 2000; Leinders-Zufall et al., 2000). Many 
fewer studies have been conducted to investigate the �pheromonal� significance of cat 
urine.  First, I will describe some of the major findings in male and female mice and then 
briefly discuss the little information that is known about cat urine.   

Male and female mouse urine contains pheromones. Both volatile and non-
volatile urinary fractions have been shown to produce behavioral or endocrine 
responses that can exert a powerful influence on conspecific reproduction. The best 
characterized non-volatile urinary components are the �major urinary proteins�  (Clissold 
et al., 1984).  Major urinary proteins (MUPs) have been suggested to be involved in 
puberty acceleration (Vandenbergh et al., 1975), an endocrine effect prevented by 
lesions of the VNO or the accessory olfactory bulb. MUPs belong to the superfamily of 
lipocalins. Lipocalins are characterized by their ability to bind small, principally 
hydrophobic molecules (Flower, 1996). MUPs do bind small volatile substances 
(Bocskei et a., 1992), but these volatile substances are not necessary for the MUPs to 
remain active as �pheromones�.  The small volatile molecules such as 2,3-dihydro-exo-
brevicomin and 2-sec-butyl-4,5-dihydo-thiazole have been implicated in triggering 
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aggressive behavior in males (Novotny et al., 1985), and induction of estrous in females 
(Jemiolo et al., 1986),  

In my studies, I exposed male hamsters to whole mouse urine which includes 
both the MUPs and their ligands. Whole urine from male and female mice has been 
shown to have direct endocrine and behavioral effects in other mice. Female 
pheromones found in urine delay the onset of puberty in pre-pubertal females and 
suppress estrous cyclicity in group housed females (Lee Boot effect) (Lee and Boot 
1955). In contrast, male mouse urine generally has estrus-inducing effects, such as 
accelerating puberty in pre-pubertal females (Vandenburgh effect) (Vandenbergh, 
1969), inducing estrus in anestrous females (Whitten effect) (Whitten, 1966) and 
preventing pregnancy in recently-mated females (Bruce effect) (Bruce, 1959). This 
pregnancy blocking effect of male pheromones in the Bruce effect does not occur to the 
pheromones of the male that mates with the female (the stud male). This is because 
female mice form a memory to the pheromonal signal of their mating partner in the few 
hours after mating that is vital for averting pregnancy failure that might otherwise be 
induced by his pheromones (Brennan et al., 1990). Only pheromones from a male of a 
different strain to the stud male will block pregnancy.  

Within minutes of being exposed to female mice or to their urine, male mice 
exhibit episodic release of luteinizing hormone (LH) that leads, in turn, to acute 
elevations of circulating testosterone levels (Macrides et al., 1975) (Coquelin and 
Bronson, 1979). The female urinary pheromone is an effective neuroendocrine stimulus 
for male mice regardless of whether the urine donors are estrous, disestrous, 
ovariectomized, or pregnant (Macrides et al., 1975) (Coquelin and Bronson, 1980) 
(Johnston and Bronson, 1982). In the experiments presented here, female mouse urine 
was collected from naturally cycling females over a period of four days; therefore, all 
estrous stages should be represented.  

Chemical communication via pheromones has been studied in solitary domestic 
cats. Male and female cats actively investigate urine and skin gland secretions. It has 
been suggested that male and females respond differently to these stimuli and that 
female stimuli found in urine and skin gland secretion inform male cats about their 
hormonal status (Verberne, 1976). �Pheromones� from cats have even been used as 
therapeutic agents to treat behavioral disorders in cats such as anxiety or inappropriate 
urine spraying (Pageat and Gaultier, 2003) (Mills and Mills, 2001). Felinine is a sulphur 
containing amino acid that is found in the urine of several species including domestic 
house cats (Felis catus) (Hendricks et al., 1995).  Studies have shown that Felinine is 
found at higher concentrations in male urine than in female urine (Roberts, 1963). 
Testosterone treatment in female cats brings the level of felinine up to the level found in 
male cats (Mills and Mills, 2001). It is not known if the behavioral responses are due to 
Felinine. 

Urine does not appear to contribute as much social information in hamsters as it 
often does in mice and rats (Johnston and Peng, 2000). Male hamsters are not 
attracted to the urine of female hamsters.  In two-bottle preference tests, male hamsters 
actually spent more time paying attention to a clean bottle than to a bottle with female 
urine (Johnston, 1974b). Urine may not be as important in hamsters because they are 
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desert animals that must conserve water. Instead they produce flank gland and vaginal 
secretions that convey the same information as urine does in mice and cats. 
 
Important Brain Areas of Interest 
 
 In these experiments, I used Fos expression to map the areas of the brain that 
get direct and indirect input from the VNO.  The central projections of the VNO are 
described in detail in the general introduction. Briefly, vomeronasal sensory neurons 
(VSNs) send axons that synapse on mitral cell dendrites of the accessory olfactory bulb 
(AOB) (Barber and Raisman, 1974). From the AOB, nerve fibers travel together in the 
accessory olfactory tract (AOT) to the ventromedial part of the medial amygdala (Davis 
et al., 1978) (Scalia and Winans, 1975). Specifically, the AOB projects densely to the 
anterior medial nucleus (MeA) and sparsely to posterior medial (MeP) and 
posteromedial cortical nuclei (PMCN) of the amygdala (Gomez and Newman, 1992). 
These nuclei are often referred to as the �vomeronasal amygdala� (Kevetter and 
Winans, 1981a). In the present studies I counted Fos immunoreactive nuclei in the 
accessory olfactory bulb and in both the anterior and posterior medial amygdala (see 
Figures 4 and 6).   
 The MeA projects to the intermediate part of the posterior bed nucleus of the stria 
terminalis (BNST) and the lateral part of the medial preoptic area (MPOA), whereas the 
MeP projects to the medial parts of these areas (Gomez and Newman, 1992). At the 
same time, these two divisions of the medial nucleus are interconnected with each other 
(Coolen and Wood, 1998). Although I did investigate Fos in the BNST and MPOA, these 
data are not presented here. There are also projections to the medial amygdala from 
�main olfactory� projection areas. The potential role of main olfactory input was 
investigated and will be described in chapter 4. 
  
Dichotomy of Projections to the Rostral and Caudal  AOB 
 

As described in the general introduction, vomeronasal sensory neurons (VSNs) 
express one of two (maybe three) families of vomeronasal receptors (VRs). VSNs in the 
apical zone of the VNO express V1Rs and the G protein α subunit Gαi2 (Halpern et al., 
1995) (Berghard and Buck, 1996) , whereas basal zone VSNs selectively express the 
V2Rs and Gαo. The two zonal subsets of VSNs project their axons to glomeruli that are 
arranged in non-overlapping zones in the accessory olfactory bulb (AOB) (Imamura et 
al., 1985) (Mori et al., 1987) (Jia and Halpern, 1996; Jia et al., 1997) (von 
Campenhausen et al., 1997; Yoshihara and Mori, 1997). Apical zone Gαi2 VSNs project 
their axons exclusively to the rostral zone of the AOB and connect to mitral cells in this 
region (Jia and Halpern, 1996; Jia et al., 1997). Basal zone Gαo VSNs selectively send 
their axons to the caudal zone of the AOB and synapse with mitral cells in this region 
(Jia and Halpern, 1996; Jia et al., 1997) (See Figure 5).     

Based on this zonal organization of projections, it is possible to look at neuronal  
activity in the AOB using Fos expression to determine which superfamily of VRs is being 
activated by a particular stimulus. For example, a significant  increase in Fos expression 
in the rostral AOB would indicate activation of V1Rs, while selective activation of the 
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caudal AOB would indicate activation of V2Rs. Activation in both rostral and caudal 
AOB would indicate activation of a combination of receptors from more than one super-
family.  I had no prediction about differential activation one family of receptors with the 
stimuli used here because no studies had been conducted to investigate activity in the 
rostral and caudal AOB with conspecific versus heterospecific chemosensory stimuli. 
Here I counted Fos immunoreactive nuclei in the rostral and caudal AOB to determine if 
stimuli from species other than hamsters would activate vomeronasal receptors and to 
determine if any differential activation of the anterior versus posterior medial amygdala 
(MeA and MeP) as we had previously seen with artificial versus �natural stimuli� could 
be due to differential activation of a particular group of vomeronasal receptors.   

 
  

 
Methods 

  
Animal Care and Housing 
 
  All animals used in these experiments (chapters 1-4) were sexually naive adult 
(2-3 month) male golden hamsters (Mesocricetus auratus), bred in our laboratory or 
ordered from Charles River, and maintained on a long photoperiod (a partially reversed- 
14L/ 10D light cycle).  The animals were group-housed in clear plastic cages (44-cm X 
21-cm X 18-cm) containing bedding with food and water ad libitum. At least 24 hours 
prior to stimulus exposure, each male hamster was separated from his cage mates and 
housed alone.  
 
Collection of Stimuli 
 
 The stimuli described here were collected in the same manner for all of the 
experiments (chapters 1-4).  
1. HVF: Female hamster vaginal fluid was collected from several (5-6) naturally cycling 

females on the day of behavioral estrus. For collection, the female was placed on a 
plexi-glass lid with holes.  The lid was placed on the top of a cage containing a stud 
male.  The female hamster was allowed to run freely and sniff toward the holes for 
approximately 2 minutes.  HVF was collected by gently scraping around the edge 
of the vagina with a blunt metal spatula. After collection, whole HVF was diluted 
1:10 with distilled water. Testing was conducted in a different room. 

2. Flank Gland Secretion: Male and female flank gland secretion (FGS) was  transferred 
to clean cotton swabs by gently pinching up the loose skin around the flank gland 
and rubbing the swab on the secretion soaked fur at least 10 times up and down. 
FGS source animals were different for each exposure and not cage or litter mates.  
Each stimulus swab had FGS from 3 different donors. Female FGS was collected 
from naturally cycling females in on the day of behavioral estrous. Both male and 
female FGS was collected immediately before each exposure.  As with HVF 
collection, testing was done in separate room. 
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3. Male and female mouse urine was collected from several (5-6) male or female mice 
placed in a metabolic cage overnight.  Female donors were naturally cycling, but  
were not separated according to different estrous stages. The fresh urine was 
diluted 1:10 with distilled water and stored frozen. On the day of testing, mouse 
urine was thawed and 200 µl was pipetted on to a cotton swab for each 
presentation. 

4. Cat Urine: Fresh urine from 2 spayed domestic house cats was collected by 
removing the litter from a litter box. Clean Kim-wipes were arranged along the 
bottom and sides of the littler box. Both cats urinated onto the paper at least once.  
The paper was then centrifuged to collect the urine.  For exposure the urine was 
diluted 1:10 with distilled water.  

5. Peppermint extract:  Commercially available (McCormick brand) natural peppermint 
extract (89% alcohol) was diluted 1:100 with distilled water. The peppermint extract 
was refrigerated until use. These stimuli are also shown in Figure 9. 

 
Exposure and Behavior Testing 
 
 For chemical stimulation, all stimuli were presented in a clean cage on clean 
cotton swabs.  Male hamsters were removed from their home cage and placed in a 
clean cage for 5 minutes.  A cotton swab containing the stimulus was then added. Each 
swab was replaced every 3 minutes for a total of 15 minutes of stimulus (or clean swab) 
exposure.  The male hamster was then returned to its home cage for an additional 30 
minutes.  During exposure, I observed and recorded various aspects of the hamster�s 
behavior such as: sniffing the swab, licking the swab, general investigation of the clean 
cage, grooming, escape behavior, flank marking and sleep.  See Figure 9 for a diagram 
of the experimental time-course. 
 
 
Tissue Processing for Fos Immunocytochemistry (ICC) 
 

 After stimulus exposure, animals were returned to their home cage for an 
additional 30 minutes, then deeply anesthetized with sodium pentobarbital and perfused 
through the heart with cold 0.1M phosphate-buffered saline (pH 7.4) followed by 4% 
paraformaldehyde (PFA).  Brains were removed and post-fixed 1-2 hours, cryo-
protected in 30 % sucrose overnight, then sectioned serially on a freezing microtome at 

40-µm thickness.  Free- floating coronal sections were washed for 30 minutes in 0.1 M 
phosphate buffered saline (PBS) (3 washes), then incubated in poly-clonal rabbit anti 
Fos primary antiserum (Santa Cruz Biotechnology, Inc., SC-52; 1:50,000), for 16-24 
hours at room temperature.  Sections were then washed in 0.1 M PBS (3 washes), and 
incubated in biotinylated goat anti rabbit secondary antiserum (Vector Labs; 1:400) for 1 
hour. Sections were then incubated in avidin-biotin-HRP complex (ABC Elite; Vector 
Labs; 1 drop A and 1 drop B for every 10 mls 0.1 M PBS) and diaminobenzidine (DAB 
kit; Vector Labs) for visualization of a brown reaction product.  All solutions were made 
fresh immediately before use, except for ABC, which must be made 30 minutes prior to 
use 
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Figure 9 Male hamsters were exposed to a  chemosensory stimulus from one of these 

three categories: CONSPECIFIC, HETEROSPECIFIC, OR CONTROL for 15 minutes. 
Thirty minutes after the last exposure they were sacrificed and perfused. Their brains 
were later sectioned and processed for Fos (or in later experiments, FRAs) 
immunocytochemistry. 
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After DAB processing, sections were washed twice in 0.1 M PBS, rinsed in 0.1 M  
PB and mounted on gelatin-coated or Superfrost Plus slides.  Sections were mounted 
on the same day as DAB processing or stored at 4 degrees C overnight in 0.1 M PB.  
All sections were mounted within 56 hours of sectioning. The air-dried slides were 
dehydrated though a series of fresh ethanol solutions (50%, 70% (2X), 95% (2X), 100% 
(2X)) for 3 minutes each, de-fatted and cleared in xylene (15 minutes), and cover-
slipped with permount.  
 
Tissue Processing for G-Protein Immunocytochemistry (ICC)   
 

 Before examining Fos expression in the rostral and caudal subdivisions of AOB, I 
confirmed that the subdivisions expressed G-proteins differently, as described in other 
rodents. Six three-month old male hamsters were deeply anesthetized with sodium 
pentobarbital and perfused through the heart with 0.1M phosphate-buffered saline (pH 
7.4) followed by 4% paraformaldehyde.  Bulbs were removed and post-fixed over-night, 
cryo-protected in 30 % sucrose for at least 16 hours, then sectioned serially on a 

freezing microtome at 20-µm thickness. Sections were taken throughout the medial to 
lateral extent of each bulb. For 3 subjects, I used fluorescent ICC to look for expression 
of the G-protein sub-unit Gαo . Staining for Gαi2 was done using DAB and will be 
described below: 
1.  Gαo- After sectioning, free- floating coronal sections were washed for 1 hour in 0.1 M 

PBS (3 washes), incubated in 1% Hydrogen Peroxide for 30 minutes, then washed 
at least 3 times in 0.1 M PBS (until bubbles from the peroxide disappeared). 
Sections were blocked with 0.1 M PBS with 5% Normal Donkey Serum (NDS) for 1 
hour.  The Gαo   primary antibody (Santa Cruz Biotechnology, Inc. rabbit anti Gαo) 
was diluted 1:1000 in the same Normal Serum and sections were incubated for 24 
hours at 4 degrees C. The following day, sections were washed in 0.1 M PBS (5 
washes), and incubated in a solution containing NDS and secondary antibody  
(Vector; Texas Red conjugated Donkey anti rabbit; diluted 1:400) for 24  hours at 4 
degrees C.  Free-floating sections were gently agitated on a shaker table during all 
incubation and wash periods. After secondary antibody, sections were washed 
three times in 0.1 M PB and mounted on Fischer Superfrost Plus slides using 
Vectashield Hard Mount (Vector Labs). 

2.  Gαi2- Free- floating sections were washed for 30 minutes in 0.1 M phosphate 

buffered saline (PBS) (3 washes), then incubated in poly-clonal rabbit anti Gαi2 
primary antiserum (Santa Cruz Biotechnology, Inc., 1:50,000), for 16-24 hours at 
room temperature.  Sections were then washed in 0.1 M PBS (3 washes), and 
incubated in biotinylated goat anti rabbit secondary antiserum (Vector Labs; 1:400) 
for 1 hour. Sections were then incubated in avidin-biotin-HRP complex (ABC Elite; 
Vector Labs; 1 drop A and 1 drop B for every 10 mls 0.1 M PBS) and 
diaminobenzidine (DAB kit; Vector Labs) for visualization of a brown reaction 
product.  After DAB, sections were washed twice in 0.1 M PBS, rinsed in 0.1 M PB 
and mounted on gelatin-coated or Superfrost Plus slides.  Sections were mounted 
on the same day as DAB or stored at 4 degrees C overnight in 0.1 M PB.  All 
sections were mounted within 56 hours of sectioning. The air-dried slides were 



 37

dehydrated though a serious of fresh ethanol solutions (50%, 70% (2X), 95% (2X), 
100% (2X)) for 3 minutes each, de-fatted and cleared in xylene (15 minutes), and 
cover-slipped with permount. 

 
 
Counting Fos Immunoreactive Nuclei 
 
 Fos -positive nuclei were counted using computer enhanced image analysis 
software (Image-Pro Plus). I counted Fos immunoreactive nuclei in two 40µm sections 
representing anterior medial amygdala (MeA) and two 40µm sections representing 
posterior medial amygdala (MeP). I also counted Fos in other areas along the 
vomeronasal pathway, but these data are not presented here. Figure 10 shows the 
relative area of each nucleus (MeA and MeP) in coronal sections.  The criterion for 
choosing which sections to count have been described by Fernandez-Fewell and 
Meredith (1994) who used a paper by Kollack and Newman (1992) and a series of 
Cresyl violet stained sections to chose one 50µm section to represent each anatomical 
nucleus. Here I averaged two 40µm sections (which included the original section 
described by Fernandez-Fewell and Meredith) for each anatomical nucleus. The criteria 
for each area are described below. 
 For the anterior medial amygdala (MeA), the sections were caudal to both the 
decussation of the anterior commissure  and the optic chiasm. The paraventricular 
hypothalamic nucleus and rostral anterior cortical amygdaloid nucleus were present, but 
the posterior lateral cortical amygdaloid nucleus was not present. The two sections 
include the section in  Figure 25 of the Morin and Wood hamster atlas (2001) and the 
next 40 micron section after the section in Figure 25. Here Figure 10 shows the 
approximately area of MeA. For the posterior medial amygdala (MeP), I used the first 
two sections in which the posterior lateral cortical nucleus was present. These two 
sections were 40 microns rostral to the posterior medial cortical nucleus. In these 
sections, the stria terminalis distinctly exits the amygdala and curves medially over the 
optic tract. The two sections correspond to the section in figure 27 in the Morin and 
Wood atlas (1991) and the adjacent 40 µm section caudal to that section. The bottom 
picture in Figure 10 (here) shows the relative area of MeP.  
 For accessory olfactory bulb (AOB) Fos expression, I counted Fos 
immunoreactive nuclei in 40 µm sagital sections throughout the lateral to medial extent  
of entire AOB. Data for the two bulbs from the same animal were averaged. For each 
stimulus,  I counted Fos in the rostral and caudal divisions of the mitral and granule cell 
layers of the AOB. For comparison with data from other labs, I averaged data from the 3 
sections in the middle of the lateral/medial axis.  These sections have the longest 
rostral/ caudal axis. Areas for rostral and caudal counts were determined based on the 
division between areas of expression of G-protein sub-units determined in previous 
experiments (described above). 
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Figure 10 Initially I counted Fos immunoreactive (-IR) nuclei in the anterior (top) and posterior 

(bottom) medial amygdala in two 40 µm sections for each area. The left half of each �section� 
here is a schematic diagram showing the area that I counted. The right half shows Cresyl Violet 
staining in coronally sliced brain sections. Modified from Morin and Wood, 2001. MeA= anterior 
medial amygdala, MeP= posterior medial amygdala, OT= optic tract. 
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Immunocytochemical Controls 
 

 
To determine the specificity of our primary antibody, I did both pre-absorption 

and negative controls.  For negative controls, I simply eliminated the primary antibody 
and put the tissue through all of the other processing steps. For the pre-absorption 
controls, I included the primary, but it was bound to its antigen. The working dilution of 
Fos antibody (1:50,000) was pre-absorbed with 10 µg/ml of the Fos peptide against 
which it was made (Santa Cruz).  The solution was incubated at room temperature 
overnight, then centrifuged to remove bound antibody to antigen complexes. The 
supernatant was drawn off and used in place of the primary antibody in the normal 
immunocytochemical protocol.  With the Fos antibodies, negative and pre-absorption 
controls showed no specific staining (data not shown). 
 
Experimental Design 
 

 In the following experiments, 6-16 sexually-naïve male hamsters were exposed 
to chemosensory stimuli known to relay important social information in other hamsters 
(conspecific) or chemosensory stimuli known to convey similar types of social 
information in other species (heterospecific). The stimuli in each category are listed 
below and shown in Figure 9. 

• Controls:  Cotton swabs identical to those that were used to introduce the 

chemosensory stimuli were introduced as a control for odors that may be 
carried on the cotton swab (n=10).  Peppermint extract was also used as a 
non- biological odor stimulus that does not carry chemosensory information in 
any species (n=6). 

• Conspecific chemosensory stimuli- Stimuli from other hamsters known to 

convey socially-relevant information for behavior: Female hamster vaginal 
fluid (HVF; n=12), female flank gland secretion (fFGS; n=6), male flank gland 
secretion (mFGS; n= 10). 

• Heterospecific chemosensory stimuli- Biological stimuli from cats or mice 
(species different from hamsters) that convey similar types of social 
information for mice and cats, but that should be socially non-relevant to 
hamsters: female mouse urine (fMU; n=6), male mouse urine (mMU; n= 10), 
male cat urine (mCU; n=6). 

 
 

Results 

 
 In the experiments described here,  I found that responses to heterospecific 
stimuli mimicked responses to artificial stimuli as seen by Fewell and Meredith (2001) 
and Nolte and Meredith (1999) in that only MeA showed increased Fos expression.  The 
MeP was only activated in male hamsters that investigated natural conspecific 
chemosensory stimuli. All chemosensory stimuli significantly activated the AOB. The 
pattern of Fos expression in the rostral and caudal AOB did not predict which stimuli 
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would activate MeP.  Below I will give a brief description of the results and then a 
detailed description of the statistical analysis that I used to determine which groups 
showed significant Fos responses. 
 
Fos Expression in the Anterior and Posterior Medial Amygdala  
 

Male hamsters that were exposed to chemosensory stimuli from other hamsters 
(conspecifics) had increased Fos expression in both the anterior and posterior medial 
amygdala (MeA and MeP) (Figure 11 B).  In hamsters, exposure to heterospecific 
stimuli significantly increased Fos expression in the anterior (MeA), but not in the 
posterior (MeP) medial amygdala (Figure 11 C). Male hamsters that were exposed to a 
natural extract that should have no biological significance, peppermint extract, did not 
have significant Fos activation in the MeA or MeP. All statistical analysis was conducted 
using the computer program, Sigma Stat. 

 
Statistical Analysis: I analyzed differences in Fos expression between groups 

using two-way repeated measures (RM) analysis of variance (ANOVA) comparing the 
factors: �brain area� (MeA vs. MeP) and �exposure� (HVF, fFGS, mFGS, fMU, mMU, 
peppermint and CS). A Repeated Measures ANOVA was used because I was 
comparing two measures (MeA and MeP) from the same animal. Overall there was a 
significant difference between exposures (p< 0.001, F=51.052; DF=7, 50). There was 
also a significant interaction such that differences between exposure depended on 
which brain area was analyzed (p= 0.001, F=22.626, DF=7, 50). 
 Tukey post-hoc tests revealed that male hamsters exposed to all of the 
chemosensory stimuli (conspecific and heterospecific) had significantly more Fos 
expression than those that were exposed to clean swabs (controls).  These groups  
included: HVF (p< 0.001), mFGS (p< 0.001), fFGS (p< 0.001), mMU (p< 0.001), and 
fMU (p= 0.002).  Fos expression after exposure to male cat urine and peppermint 
extract was not significantly different than control when data from both MeA and MeP 
were taken into account.  Fos expression after exposure to cat urine was significantly 
different from control in post-hoc tests comparing exposure groups within MeA (p= 
0.001). Peppermint extract was not significantly different from clean swab even in 
individual area analysis. Significant differences between Fos expression in males 
exposed to chemosensory stimuli and males exposed to clean swab controls are 
indicated by asterisks on the graph in Figure 11. These asterisks indicate significant 
differences within one area (MeA or MeP). 

When comparing Fos activation in MeA and MeP within exposures: Fos 
expression in MeP was significantly greater than in MeA in males exposed to all of the 
conspecific stimuli: HVF (p= 0.003), mFGS (p< 0.001), and fFGS (p= 0.002). Fos 
expression was significantly greater in MeA than in the MeP of males exposed to all of 
the heterospecific stimuli: mMU (p< 0.001), fMU (p< 0.001), and mCU (p= 0.034).  
There were no significant differences in Fos expression in MeA and MeP between clean 
swab controls and peppermint extract.  
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Figure 11 Fos expression in the anterior (black bars) and posterior (red bars) medial amygdala 

following exposure to various social stimuli from hamsters (conspecifics) or from other species 
such as mice and cats (heterospecifics).  
 
Conspecific stimuli (B.) included female hamster vaginal fluid (HVF) and female and male flank 

gland secretion (fFGS and mFGS).  These stimuli significantly increased Fos expression in 
both the anterior and posterior medial amygdala (MeA and MeP) above the levels of Fos with 
clean swab controls and peppermint (A.). The heterospecific stimuli included female and male 
mouse urine (fMU and mMU) and male cat urine (mCU) (C.). In hamsters, exposure to these 
stimuli significantly increased Fos expression above control levels (A.) in the anterior (MeA), 

but not in the posterior (MeP) medial amygdala. These stimuli from other species provide 
similar social information in mice and cats, but should have little social relevance to hamsters, 
suggesting that chemosensory input pertaining to species or social relevance does not reach 
MeP.   
 
Statistical Analysis: 
Asterisks indicate significant differences from clean swab controls. Significance was 
determined using Tukey post-hoc tests from two-way repeated measures ANOVA comparing 
the factors �exposure� and �brain region�; p< 0.01 (see results section for more details). 
For each exposure, there were at least 6 subjects: CS (n=10), Peppermint (n=6), HVF (n=12), 
fFGS (n=6), mFGS (n=10), fMU (n= 6), mMU (n= 10), mCU (n= 6). 
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G-Protein Expression in the Rostral and Caudal Accessory Olfactory Bulb  
 
After perfusion, olfactory bulbs were removed from and stained for expression of 

the G-protein sub-units- Gαi2 or Gαo . The G-protein sub-unit is expressed along the 
axons of the incoming VSNs, such that an antibody recognizes those axons and their 
terminals in the glomerular layer of the particular region of the AOB (rostral or caudal). 
G-protein staining with antibody demonstrated that the hamster AOB had rostral/caudal 
subdivisions similar to those described in rats, mice and opossums (Halpern et al., 
1995; Halpern et al., 1998b; Mori et al., 2000) (see Fig. 12).   
 
Fos Expression in the Accessory Olfactory Bulb (AOB) 
 

The pattern of activation in the rostral and caudal AOB did not account for the 
differences in Fos expression in the MeA and MeP induced by conspecific versus 
heterospecific chemosensory stimuli. Exposure to all of the chemosensory stimuli 
significantly activated Fos expression in the AOB. However, there was not any 
distinguishable pattern; predominantly rostral , or predominantly caudal, or equal 
activation of the two parts of the AOB that was characteristic of all the conspecific 
stimuli or all of the heterospecific stimuli. No pattern of response in AOB separated all of 
the stimuli into these categories, unlike the pattern in MeA and MeP. 

For female hamster vaginal fluid (HVF), conspecific stimulus, I counted Fos 
nuclei in every section from the most lateral to the most medial part of the AOB. I 
compared Fos activation in the rostral versus the caudal AOB.  HVF significantly 
activated the rostral and caudal AOB equally across the entire medial to lateral extent of 
the AOB, with no preferential activation of one division or another (see Figs. 13 and 14).  
This extensive examination was conducted because our results did not match the 
results presented in an abstract by Bath and Johnston in 2001.  They found that HVF 
exposure exclusively activated the rostral AOB, but did not provide information about 
which sections they counted. Even when I counted every section, there was no 
significant difference between Fos expression in the rostral and caudal after HVF 
exposure and no group of sections that shared a predominant activation of either rostral 
or caudal AOB. 

With the other stimuli, sections along the entire extent of the AOB were examined 
to detect any medial/ lateral variations, but none were found. Therefore, the 3 middle 
sections with the longest rostral/caudal axis were averaged. The conspecific stimuli all 
activated Fos expression in the AOB. Exposure to the female conspecific stimuli, HVF 
and fFGS increased Fos expression in the rostral and caudal AOB, without preferential 
activation of one or the other (Figure 15 B), indicating activation of VSNs expressing 
both super families of vomeronasal receptors (VRs). Exposure to the male conspecific 
stimulus, mFGS increased Fos expression in the rostral AOB at higher levels than 
caudal AOB, indicating activation of VSNs expressing the V1Rs and  Gαi2. Exposure to 
the heterospecific stimuli also increased Fos expression in the AOB. The male 
heterospecific stimuli, male mouse urine (mMU) and male cat urine (mCU) preferentially 
activated the rostral AOB, indicating selective activation of VSNs expressing the V1Rs 
or Gαi2. 
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A. Go G-protein expression in 

caudal AOB 

B. Giα2 G-protein expression in 

rostral AOB

 
 
Figure 12 G-protein expression in the rostral and caudal accessory olfactory bulb. 
There are two families of the vomeronasal receptors (V1Rs and V2Rs). In rats, mice, and 
opossums, vomeronasal sensory neurons (VSNs) located in the basal part of the VNO 
express V2Rs and the G-protein subunit Go and project to the caudal AOB. VSNs located in 
the apical region of the VNO express V1Rs (and V3Rs) and the G-protein subunit Giα2 and 
project to the rostral AOB. Here I confirmed that male hamsters show a similar distribution of 
G-protein expression in the caudal (A; fluorescent ICC) and rostral (B; DAB ICC) AOB. 
 
The particular G-protein sub-unit is expressed along the axon of the VSN so that I could use 
an antibody that recognizes the G-protein sub-unit to see where axons from a particular type 
of receptor (V1R/V3R vs. V2R) synapse with mitral cells in the AOB- glomerular layer. 
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Figure 13 Fos expression along the lateral to medial extent of the accessory olfactory bulb 

(AOB). The Y-axis represents the percent of the total Fos expression located in the rostral 
(grey diamonds) and caudal (blue squares) AOB. There was no difference between Fos in 
the rostral and caudal AOB in any section through the entire AOB in males exposed to 

female hamster vaginal fluid (whole HVF; diluted 1:10 with distilled water).  
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Figure 14 Photomicrographs showing Fos expression in 50 µm sagittal sections along the 

lateral (top picture) to medial (bottom picture) extent of one accessory olfactory bulb (AOB). 
There was no difference between Fos in the rostral and caudal AOB in any section through 

the entire AOB in males exposed to female hamster vaginal fluid.  
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The female heterospecific stimulus, female mouse urine (fMU) preferentially activated 
the caudal AOB (Figure 15 C.), indicating selective activation of VSNs expressing the 
V2Rs and the G-protein sub-unit Gαo.   

These data demonstrate that differential activation of the MeA and MeP with 
different categories of stimuli was not due to differential activation of the rostral or 
caudal AOB. Since activation in the AOB is a direct reflection of activation of 
vomeronasal receptors, these data also show that both families of vomeronasal 
receptors were activated without regard to the species of origin of the chemosensory 
stimulus. 

 
Statistical Analysis:  I used  two-way repeated measure (RM) ANOVA to investigate 
differences in Fos expression in the mitral and granule cell layers of the AOB. This 
statistical test compared the factors �Area� (rostral versus caudal) and �Exposure� (HVF, 
fFGS, mFGS, fMU, mMU, mCU, CS, and peppermint extract). Tukey post-hoc tests 
were conducted to find out which groups contributed to the main effects. 

Mitral Cell Layer:  The two-way RM ANOVA revealed an overall effect of �Area� 
(p< 0.001, F=43.684, df=1, 50) and of  �Exposure� (p< 0.001, F=22.137, df= 7, 50) as 
well as a significant interaction (p< 0.001, F=17.037, df=7, 50).  These significant main 
effects indicate that responses in the AOB to the chemosensory stimuli depended on 
which division of the AOB was investigated (rostral or caudal). To isolate which groups 
contributed to these significant differences, Tukey post-hoc tests were conducted.  The 
first post-hoc test compared exposure groups without separating rostral and caudal 
AOB. Compared to clean swab controls, Fos expression was significantly greater in 
male hamsters exposed to HVF (p< 0.001), fFGS (p< 0.001), mFGS (p< 0.001), mMU 
(p< 0.001), and mCU (p< 0.001). Female mouse urine (fMU) and peppermint extract 
were not significantly different than clean swab controls. Peppermint extract did not 
significantly activate rostral or caudal AOB. Significant differences in Fos expression 
between stimulated and clean swab controls are indicated by asterisks on the graph in 
Figure 15. 

The conspecific stimuli were different from each other. Fos expression after 
exposure to HVF was greater than fFGS (p= 0.001) and mFGS (p= 0.003). The 
heterospecific stimuli were also different from each other. Fos expression after 
exposure to mMU or mCU was greater than with fMU (p= 0.001; p< 0.001). Although 
the patterns of Fos were not different with conspecific versus heterospecific stimuli, 
there were a few significant differences between groups: Fos expression after HVF 
exposure was greater than all of the heterospecific stimuli, fMU (p= 0.001), mMU (p< 
0.001), and mCU (p= 0.002). Fos expression after exposure to fFGS was greater than 
fMU (p= 0.001), while Fos after mFGS was greater than fMU (p< 0.001) and mCU (p= 
0.001) 

When comparing Fos expression responses to different exposures versus clean 
swab controls within rostral AOB: HVF (p< 0.001), fFGS (p< 0.001), mFGS (p< 0.001), 
mMU (p< 0.001), and mCU (p< 0.001) were significantly different.  When comparing 
Fos expression responses to different exposures versus clean swab controls within 
caudal AOB: HVF (p<.001), fFGS (p=.023), fMU (p=.011), mMU (p=.014) and MCU (p=  
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Figure 15  Fos expression in the mitral cell layer (output cells) of the AOB in male 
hamsters exposed to various chemosensory stimuli. Exposure to conspecific (B.) and 
heterospecific (C.) stimuli significantly increased Fos expression in the mitral cell layer of 
the AOB above the levels with controls (A.) Conspecific and heterospecific stimuli did not 

show different patterns of activation in rostral vs. caudal AOB, suggesting the 
categorization seen in amygdala responses with conspecific and heterospecific stimuli 
takes place after the AOB, possibly in the anterior medial amygdala (MeA).  The pattern of 
activation among mitral (M) layer cells was also seen in Fos expression among granule 
(Gr) layer interneurons. 
 
Statistical Analysis: 
Asterisks indicate significantly greater than clean swab controls. Significance was 
determined using post-hoc tests from a two-way repeated measures (RM) ANOVA 
comparing the factors �exposure� and �brain region�; p< 0.01 (more details reported in 
results section). The letter �a� indicates that one region is different than the other. 
For each exposure, there were at least 6 subjects: CS (n=10), Peppermint (n=6), HVF 
(n=12), fFGS (n=6), mFGS (n=10), fMU (n= 6), mMU (n= 10), mCU (n= 6). 
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0.046) were significant. Comparisons between areas within exposure groups revealed 
significant differences between rostral and caudal AOB in several groups: mFGS (p< 
0.001), fMU (p< 0.001), mMU (p< 0.001), and mCU (p< 0.001).  Differences between 
rostral and caudal AOB were not seen with the HVF, fFGS or peppermint. Significant 
differences between rostral and caudal AOB Fos expression are indicated by the letter 
�a� on Figure 15. 
 Granule Cell Layer:  The two way RM ANOVA comparing the factors �Area� 
(rostral versus caudal) and �Exposure� within the granule cell layer revealed an overall 
effect of area (p< 0.001, F= 27.026, df= 1, 50) and exposure (p< 0.001, F= 7.388, df= 
1,50), as well as a significant interaction (p< 0.001, F=10.422, df= 7, 50 ).  When 
comparing exposure (both rostral and caudal combined) to clean swab controls, Tukey 
post-hoc tests revealed significant differences in several exposure groups:  HVF (p< 
0.001), fFGS (p= 0.003), mFGS (p< 0.001), and mMU (p= 0.021). Cat urine was 
significantly different in tests looking at differences within rostral AOB (p= 0.011).  
Peppermint extract did not significantly activate rostral or caudal AOB. When comparing 
exposure versus clean swab controls within rostral AOB: HVF (p< 0.001), fFGS (p< 
0.001), mFGS (p< 0.001), mMU (p< 0.001), and mCU (p< 0.001) were significantly 
different.  When comparing exposure versus clean swab controls within caudal AOB: 
HVF (p< 0.001), fFGS (p= 0.023), fMU (p= 0.011), mMU (p= 0.014) and MCU (p=.046) 
were significant. Comparisons between area within exposure groups revealed, 
significant differences between rostral and caudal AOB in several groups: MFGS (p< 
0.001), fMU (p< 0.001), mMU (p= 0.021).  Differences between rostral and caudal AOB 
were not seen with the HVF, fFGS or peppermint. Fos expression in the granule cell 
layer showed the same pattern as the mitral cell layer and the graph is not shown here. 
 
Summary of Fos Expression Data 
 

Exposure to the conspecific, socially-relevant stimulus, HVF activated the rostral 
and caudal AOB (Figure 15 B.), and strongly activated both anterior and posterior 
medial amygdala (MeA and MeP) (Figure 11 B.).  The other conspecific stimuli, male 
and female FGS, activated both MeA and MeP (Figure 11 B.), but showed different 
patterns of Fos expression in the rostral and caudal AOB. Male FGS activated rostral 
AOB at higher levels than caudal AOB, while female FGS did not activate rostral or 
caudal AOB preferentially (like HVF) (Figure 15 B.). The heterospecific, probably 
socially non-relevant chemosensory stimuli, male and female mouse urine (MU), and 
male cat urine (mCU) activated MeA, but not MeP (Figure 11 C.). Male mouse urine 
(mMU) and male cat urine (mCU) preferentially activated the rostral AOB, while female 
mouse urine (fMU) preferentially activated the caudal AOB (Figure 15 C.).  
 
Behavior During Exposure 
 
 All animals paid attention to the stimulus swab for at least 10 percent of the total 
time (1. 5 out of 15 minutes).  There were no significant differences in the time spent 
investigating the swab for any of the chemosensory stimuli. Because there were no 
differences in behavior, these data are not shown.  
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Discussion 
 

  
 In these studies, I used Fos expression as a marker of neuronal activation in 
male hamsters exposed to chemosensory stimuli that provide important social 
information within their own species, or within another species. Exposure to all of the 
chemosensory stimuli increased Fos activation of the accessory olfactory bulb (AOB) 
and the anterior medial amygdala (MeA).  Only the conspecific stimuli, from male and 
female hamsters, significantly activated the posterior medial amygdala (MeP). 
Preferential activation of one class of vomeronasal receptors, as measured by 
preferential Fos activation of the rostral or caudal AOB, did not account for the 
differences in Fos expression in the MeA and MeP. Furthermore, there was no common 
pattern of rostral/caudal Fos expression characteristic of either category of stimuli 
(conspecific or heterospecific). The AOB activation represents input from vomeronasal 
sensory neurons (VSNs) so it is clear that the stimuli of one category did not activate 
the same pattern of VSNs.  

Here, the medial amygdala (probably anterior medial amygdala) and not the 
more peripheral AOB appears to discriminate between stimuli that are conspecific and 
socially-relevant versus stimuli that are heterospecific and probably socially non-
relevant. The principle that sensory analysis is hierarchical, with different features of 
stimuli extracted at different levels in a sensory pathway is well established for other 
sensory systems (auditory, somatosensory, visual) (Livingstone and Hubel, 1988), but 
these results are the first demonstration of a similar process in vomeronasal or olfactory 
systems. 

 
Patterns of Fos in the AOB 
 

Here, the AOB did not discriminate chemosensory stimuli from conspecifics 
versus heterospecifics, but there were some interesting patterns of rostral and caudal 
Fos expression. For example, the two conspecific female stimuli, HVF and fFGS 
activated both the rostral and caudal AOB, reflecting activation of both super families of 
vomeronasal receptors (V1Rs and V2Rs). Both of these stimuli strongly activated MeA 
and MeP.  The other conspecific stimulus, male FGS also activated both MeA and MeP, 
but showed different patterns of Fos expression in the rostral and caudal AOB. This 
male stimulus activated rostral AOB at higher levels than caudal AOB, reflecting 
activation of V1Rs. The male heterospecific stimuli, mMU and MCU also preferentially 
activated the rostral AOB and V1RS. These stimuli, however did not activate MeP.  
These data suggest that discrimination in the VNO and AOB may be based on gender 
recognition, as opposed to species recognition. The other heterospecific stimulus , 
female mouse urine, did not show the same pattern as the female conspecific stimuli, 
but did activate the caudal AOB, suggesting a different pattern of activation than the 
male stimuli.  See general Discussion section. 
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Stimulation With Artificial or Heterospecific Stimuli Did Not Activate MeP 
 

Chemosensory stimulation by the heterospecific stimuli mimicked artificial 
stimulation of VNO or AOB in failing to activate MeP.  There is no reason to suppose a 
general activation of the VNO by heterospecific stimuli as you would expect with 
artificial stimulation of the VNO or AOB (see introduction), so the input patterns to MeA 
would be expected to differ for artificial stimuli and for heterospecific chemosensory 
stimuli. We have suggested (Meredith and Westberry, 2003 submitted) that the MeA 
may monitor patterns of input, and prevent MeP activation in cases where the input 
does not compare to any stimuli that are socially important to the animal.  MeA would 
pass information to MeP only when the animal is stimulated with natural, socially 
relevant input. This higher level processing in the amygdala would be biologically very 
important to the animals, such that they could discriminate between all of the sensory 
signals and respond appropriately to only those that are relevant and important. The 
purpose of the next three chapters is to investigate the mechanisms responsible for 
categorization of conspecific and heterospecific stimuli in the amygdala.  
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CHAPTER 2 
 

FOS-RELATED ANTIGEN EXPRESSION IN THE MEDIAL AMYGDALA AND 
INTERCALATED NUCLEUS OF MALE HAMSTERS AFTER ARTIFICIAL ELECTRICAL 

STIMULATION OF THE VNO OR EXPOSURE TO CHEMOSENSORY STIMULI  
 
 

 
Introduction 

 
  In chapter 1, I described an important  phenomenon that contributes to our 
understanding of chemosensory processing in the peripheral and central accessory 
olfactory system. I demonstrated that the AOB and medial amygdala characterize 
chemosensory stimuli based on different criteria. Exposure to conspecific and 
heterospecific stimuli activated overlapping families of vomeronasal receptors, but 
produced characteristically different activation of the vomeronasal amygdala. Both 
classes of stimuli activated Fos in MeA, only the conspecific chemosensory stimuli 
activated Fos in the MeP. My hypothesis was that MeP does not respond to 
heterospecific stimuli because it is suppressed , perhaps by inhibition from the 
intercalated nucleus. 

In the studies described in chapter 1, I used Fos expression to look at areas of 
the brain that were activated by chemosensory stimuli. Fos is expressed at relatively 
low levels at �baseline� conditions, making it difficult to use as a measure of decreases 
in neuronal activity. Like most immediate early genes, Fos is also not expressed at 
detectable levels in all neurons, even if they are activated. A case in point is the group 
of small GABAergic intercalated nucleus (ICN) cells of the amygdala. In order to 
investigate activity in these ICN cells, as well as to increase the probability of detecting 
decreases in neuronal activity, I used another antibody that recognizes Fos-related 
antigens (FRAs) expressed at a relatively high level even at �baseline� conditions and 
detectable in the ICN neurons. 

The inhibitory ICN interneurons are adjacent (lateral) to several important 
anatomical nuclei in the amygdala including the medial amygdala, the central nucleus 
(CeA), and the basolateral (BLA) complex (See Figs. 16 and 17). Some ICN cells are  
known to be involved in a complicated intra-amygdaloid circuit that modifies responses 
in fear conditioning (described below). I hypothesized that chemosensory processing in 
the amygdala might involve a similar circuit, and used FRAs expression to investigate 
activity in ICN possibly correlated with decreases in activity in MeP. I used single-label 
peroxidase immunocytochemistry with DAB processing to visualize and count FRAs  
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Figure 16. Coronal brain �section� showing the relative position of the intercalated 

nucleus (ICN) in relation to the posterior medial amygdala (top). The ICN is easily 
distinguishable because of its densely packed small cells (red arrowheads in 
bottom picture). The left half of the top picture is a schematic diagram. The right 
half shows Cresyl Violet staining in a coronally sliced brain section. Modified from 
Morin and Wood, 2003. MeP= posterior medial amygdala, OT= optic tract, 
Intercalated nucleus (caudal)= ICNc. 
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Figure 17. Schematic diagram showing the relative positions of chemosensory 

brain regions and other brain regions involved in fear conditioning.  In simple 
auditory fear conditioning, the basolateral amygdala (BLA) sends input to the 
central nucleus (CeA). This input is modified by activation of the intercalated 
nucleus (ICN). The posterior medial amygdala (MeP), anterior cortical nucleus 
(ACN), and piriform cortex (PC) get chemosensory input from the accessory 
olfactory bulb (MeP) or main olfactory bulb (ACN and PC). The ICN may modify 
activity in a similar manner in any of these areas. Modified from Morin and Wood, 
2003. OT= optic tract. 
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immunoreactive nuclei in the medial amygdala and adjacent intercalated nucleus in 3 
experiments; 1) at 45 minutes after 20 minutes of  unilateral electrical stimulation of the 
VNO, 2) at 45 minutes after 15 minutes of exposure to �natural� conspecific and 
heterospecific chemosensory stimuli and 3) at various time-points after 15 minutes of  
exposure to an example of each of two types of natural stimuli; one conspecific and one 
heterospecific.  

Experiments 1 and 3  were conducted to determine if FRAs responses were 
comparable to Fos responses described in chapter 1 and to add data on ICN activation 
in these circuits. FRAs positive nuclei were counted in the anterior and posterior medial 
amygdala and other areas where Fos expression had been counted in previous 
experiments with natural conspecific and heterospecific stimuli, (Fernandez-Fewell and 
Meredith, 1994, 1998; Fewell and Meredith, 2002; Westberry and Meredith, 2003b) or 
with artificial electrical stimulation of the VNO (Meredith and Fewell, 2001).  These 
experiments were further expanded in experiment 3 which was conducted to help us 
understand the time-course and spatial extent of the response using one example 
conspecific stimulus (female hamster vaginal fluid) and one heterospecific stimulus 
(male mouse urine).  In these experiments, male hamsters were sacrificed and perfused 
at several timepoints after exposure.  

 
 

Background 
 
 The Intercalated cell masses or intercalated nuclei (ICN) are dense clusters of 
GABAergic neurons located between the basolateral (BLA) nucleus and the central and 
medial nuclei (CeA, MeA/MeP) of the amygdala (Nitecka and Ben-Ari, 1987)  (Pare and 
Smith, 1993). The Intercalated cells that lie in the fiber bundles between the basolateral 
complex and the central nucleus act as feed-forward inhibitory interneurons to cells in 
the CeA, leading to the generation of a di-synaptic inhibitory synaptic potential in these 
neurons following stimulation in the basolateral complex. Although detailed 
electrophysiological studies of these neurons have not been reported, trains of action 
potentials in these neurons are followed by an afterdepolarization (ADP) lasting several 
seconds (Royer et al.). Activation of this ADP imparts a heightened excitability to these 
cells. As the intercalated cells inhibit the CeA, the modulation of the activity of these 
neurons significantly impacts the output of the CeA. In addition, intercalated neurons 
are connected in local networks oriented in the lateral to medial direction such that 
activation of intercalated cells preferentially inhibits neurons in the medial direction 
(Royer et al., 2000).  Because there are ICN cells that are immediately lateral to the 
medial amygdala, this position may implicate the ICN in processing of chemosensory 
signals. 
 The circuit involving ICN inhibition of amygdaloid nuclei has been implicated in 
the expression of conditioned fear responses. Simple auditory fear conditioning involves 
activation of the lateral nucleus by auditory input from sensory thalamus, and output 
from the central nucleus to the forebrain and brainstem. Projections from the central 
nucleus control physiological responses, which include behavioral, autonomic nervous 
system, and hypothalamic-pituitary axis responses (LeDoux, 1995). In more complex 
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situations, such as contextual fear conditioning, input passes through the basolateral 
and basomedial nuclei to reach the central nucleus (LeDoux, 2000) (Marin et al., 1991).  
The pathway from basolateral and basomedial nuclei to central nucleus runs past the 
intercalated nucleus cells that appear to be sequentially suppressed and then activated 
as more medial areas respond to input (Royer et al., 1999) (Figure 17).  

In the chemosensory pathway, sensory input from the accessory olfactory bulb 
enters the anterior medial amygdala (MeA) activating different subsets of neurons, 
depending on the pattern of input. With certain input patterns (due to conspecific 
stimuli), we assume MeA output goes to the posterior medial amygdala (MeP).  The 
posterior medial amygdala integrates chemosensory input with hormonal state (Wood 
and Coolen, 1997) and sends output to areas of the brain that are important for 
reproductive and social behavior, such as the medial preoptic areas (MPOA), bed 
nucleus of the stria terminalis (BNST) and anterior hypothalamus (AHA) (Fernandez-
Fewell and Meredith, 1994). The most medial division of the intercalated nucleus runs 
lateral to the medial amygdala along its anterior to its posterior extent. Here I will refer to 
this entire medial group of cells as �mICN.� Using injections of cholera toxin B to study 
the efferent projections of the intercalated nucleus within the amygdala in cats, Pare et 
al. (1993) demonstrated that the ICN projects directly to the central and medial nuclei 
(Pare and Smith, 1993). In light of previous immunohistochemical results showing that 
GABAergic cells represent the main cell type in the intercalated cell masses, these 
results imply that the intercalated cell masses constitute an important source of 
GABAergic input to the central and medial regions.  This position within the amygdala 
makes these GABA interneurons candidates for the regulation of information flow from 
MeA to MeP, in a manner similar to that involved in the fear conditioning circuit. 

 In order to investigate activity in these ICN cells, as well as to detect decreases 
in neuronal activity, I used another antibody that is called FRAs. This antibody 
recognizes c-Fos, Fos B, and the Fos-related antigens-Fra-1 and Fra-2. Fos-related 
antigen expression is generally higher in many areas of the brain even at resting 
conditions. I predicted that this combination of immediate early genes would provide a 
higher baseline activity that would allow us to look at decreases in neuronal activity.  
One prediction was that output from the MeA would inhibit MeP. In this case I might be 
able to see a decrease in activity with a higher baseline. 
 In preliminary experiments, I found that the ICN cells did express measurable 
levels of FRAs.  In these preliminary studies, I compared FRAs expression in the ICN 
and medial amygdala of males placed in clean cages versus males that mated with a 
receptive female. In these studies, there was a higher baseline FRAs expression than 
Fos expression, but expression of both increased in parallel. The baseline expression of 
FRAs was not so high as to prevent detection of  increases in neuronal activation, but 
high enough that decreases could be significant.  Figure 18 shows a graph of these 
data. Interestingly, FRAs expression in ICN neurons adjacent to MeP was significantly 
depressed during mating; while expression in MeP was significantly increased. 
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Figure 18. FRAs expression in male hamsters after mating (n=4) or exposure to a 

clean cage (as a control) (n= 3). Although baseline FRAs expression was higher 
than with Fos expression, I could still measure an increase in FRAs expression in 
the anterior and posterior medial amygdala (MeA and MeP), as I had seen before 
with Fos. FRAs was also expressed in the intercalated nucleus, an area where I did 
not see a response with Fos expression and which contains mainly GABAergic 
neurons. Here, activity in the ICN was high at baseline (clean cage). There was 
actually a significant decrease in FRAs expression in the GABAergic ICN with 
mating. These data suggest a suppression of inhibition with this conspecific 
chemosensory stimulation. 



 57

Methods 
 
 
VNO Electrode Implantation and Electrical Stimulation  
 
 In these experiments, the vomeronasal organ was stimulated through implanted 
wires as in earlier stimulation experiments (Meredith and Fewell, 2001). The 
vomeronasal capsules were exposed by a longitudinal incision in the palate, in 
pentobarbital-anesthetized male hamsters of about 3 months of age. Two 178- m  
diameter silver-wire electrodes, Teflon coated except at the tip, were implanted in one 
vomeronasal organ (left side). The wires were hooked and inserted through small holes 
spaced about 2 mm apart, to extend approximately 0.5 mm longitudinally under the 
capsule of the organ. The wires were cemented in place with cyanoacrylate adhesive 
and the free ends were led under the skin, using a trochar, to a head plug mounted on 
the skull. The palatal incision was sutured closed and sealed with cyanoacrylate 
adhesive to make eating easier. These animals typically ate within one or two hours of 
recovery from anesthesia, with no apparent difficulty. 
 At least three days after surgery, animals were placed in a clean plastic cage 
(40×20×18 cm) with a Plexiglas lid having a 4-cm diameter hole for the flexible wires 
that were used to connect the head plug to a constant current stimulator. Four animals 
with electrodes implanted served as surgical controls. They were placed in the lidded 
cage with stimulation cable attached in exactly the same way as for stimulated animals 
but these control animals were not stimulated. The other six animals were stimulated via 
the VNO electrodes at 120�175 A with trains of 10 pulses at 10�20 Hz once every 2 s, 
for 45 min. These current levels were generally more than 150 A below those 
producing motor reflex movements or signs of distress in pilot experiments for the 
earlier study (Meredith and Fewell, 2001) and did not produce either reflexes or signs of 
distress in experiments reported here. After 20 minutes of stimulation (or 20 minutes 
with the head plug connected but with no stimulation for control animals), and a further 
25 minutes  for development of FRAs protein expression, animals were overdosed with 
pentobarbital and perfused (Meredith and Fewell, 2001). 
 
Collection of Stimuli 
 
 The stimuli described here were collected in the same manner for all of the 
experiments (chapters 1-3). Here I used female hamster vaginal fluid or male mouse 
urine. 
 
Exposure and Behavior Testing- �Natural� Chemosensory Stimulation 
 
 For chemical stimulation, all stimuli were provided in a clean cage on clean 
cotton swabs.  Male hamsters were removed from their home cage and placed in a 
clean cage for 5 minutes.  The cotton swab containing the stimulus was then added. 
Each swab was replaced every 3 minutes for a total of 15 minutes of stimulus (or clean 
swab) exposure.  The male hamster was then returned to its home cage for an 
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additional 30 minutes.  In this chapter, male hamsters were exposed to clean swabs 
(n=8), HVF (n=6), and mMU (n=6). 
 
Tissue Processing for FRAs Immunocytochemistry (ICC) 
 
 After stimulus exposure, animals were returned to their home cage for a further 
30 minutes (or for various times in the time-course experiments-described below), then 
deeply anesthetized with sodium pentobarbital and perfused through the heart with cold 
0.1M phosphate-buffered saline (pH 7.4) followed by 4% paraformaldehyde.  Brains 
were removed and post-fixed 1-2 hours, cryo-protected in 30 % sucrose overnight, then 

sectioned serially on a freezing microtome at 40-µm thickness.  For FRAs, free- floating 
coronal sections were incubated in poly-clonal rabbit anti FRAs primary antiserum 
(Santa Cruz Biotechnology, Inc., SC-253; 1:25,000), for 16-24 hours at room 
temperature. For both Fos and FRAs, sections were then washed in 0.1 M PBS (3 
washes), and incubated in biotinylated goat anti rabbit secondary antiserum (Vector 
Labs; 1:400) for 1 hour. Sections were then incubated in avidin-biotin-HRP complex 
(ABC Elite; Vector Labs; 1 drop A and 1 drop B for every 10 mls PBS) and 
diaminobenzidine (DAB kit; Vector Labs) for visualization of a brown reaction product.  
All solutions were made fresh and not re-used. After DAB, sections were washed twice 
in 0.1 M PBS, rinsed in 0.1 M PB and mounted on gelatin-coated or Superfrost Plus 
slides.  Sections were mounted on the same day as DAB or stored at 4 degrees C 
overnight in 0.1 M PB.  All sections were mounted within 56 hours of sectioning. The air-
dried slides were dehydrated though a serious of ethanol solutions (50%, 70%, 95%, 
100%), de-fatted and cleared in xylene, and cover-slipped with permount. 
 
Exposure and Processing for the Time-Course Study 
 

In the time-course study, males were sacrificed at several different time-points 
following exposure: 15 minutes (directly after exposure), 45 minutes (maximum for Fos 
expression), 90 minutes, 6 hours, 12 hours, and 24 hours. These time-points represent 
total time from the beginning of the test (addition of the first cotton swab). At each 
timepoint 4 males were exposed to each stimulus for a total of 48 males for the entire 
study.  After processing for FRAs ICC, every section through the entire extent of the 
amygdala was examined (from 100 microns rostral to the section defining MeA to 100 
microns caudal to the section defining MeP).   

 
Counting 
 
 FRAs-positive nuclei were counted using computer enhanced image analysis 
software (Image-Pro Plus). For FRAs expression, I counted immunoreactive nuclei in 
every tissue section throughout the entire anterior to posterior extent of the amygdala. 
In each of these sections, our areas of interest included the medial amygdala, the 
medial intercalated nucleus (mICN) adjacent to the medial amygdala, the central 
nucleus and the dorsal ICN (dICN), and the basolateral complex (BLA) and associated 
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lateral ICN (lICN). The ICN subdivisions could be identified based on their positions and 
the presence of densely clustered very small cells. See Figures 16 and 17. 
 
Immunocytochemical Controls 
 
 To determine the specificity of our primary antibodies, I did the same type of pre-
absorption and negative controls that I did with our Fos antibody with the following 
modifications. The working dilution of FRAs antibody (1:25,000) was pre-absorbed with 
20 µg/ml of the FRAs peptide against which it was made (Santa Cruz).  The solution 
was incubated at room temperature overnight, then centrifuged to remove bound 
antibody-to-antigen complexes. The supernatant was drawn off and used in place of the 
primary antibody in the normal immunocytochemical protocol.  With the FRAs antibody, 
both negative and pre-absorption controls showed no specific staining. 
 

 
 
 

Results 
 

 
FRAs Expression after Electrical Stimulation of the VNO 
 
 I counted FRAs immunoreactive nuclei in the anterior and posterior medial 
amygdala (MeA and MeP) and in the adjacent intercalated nucleus (ICN) of male 
hamsters placed in two groups: Implanted and electrically stimulated, and implanted, 
but un-stimulated. The un-implanted contra-lateral side of each animal served as a 
control for stimulation and surgery. Data for the medial subdivision of intercalated 
nucleus (mICN) on the graphs presented here represent counts from the medial ICN at 
the same level as the MeP.  I call the mICN at this level �caudal ICN� (ICNc). I also 
examined FRAs in the mICN adjacent to MeA, but found no significant differences 
between groups (data not shown). 

Artificial stimulation of the VNO increased FRAs expression in the MeA above 
the level seen in any of the control locations: ie.; the opposite un-stimulated side of the 
same animals, or either side of un-stimulated, unilaterally implanted control animals. 
The electrically- stimulated side of the stimulated males also had significantly more 
FRAs expression in the ICNc than any of the control groups. There was no increase in 
FRAs expression in the MeP. There was no significant difference in FRAs expression in 
any of the brain areas counted between the implanted and un-implanted sides of the 
unstimulated animals (See Figure 19). 

 
Statistical Analysis :I conducted separate Two-Way repeated measures (RM) 

Analysis of Variance (ANOVA) comparing �electrode implantation� (implanted side vs. 
unimplanted side) and �electrical stimulation� (stimulated animals vs. unstimulated 
animals) for each brain area: anterior medial amygdala, posterior medial amygdala, and 
intercalated nucleus. 
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Figure 19. Artificial stimulation by electrical stimulation of the VNO activated FRAs 
expression in anterior medial amygdala (MeA), but not posterior medial amygdala (MeP) 
(single-label DAB processing). The artificial patterns of input from electrical stimulation was 
apparently recognized in the same way as heterospecific chemosensory input, and failed to 
engage circuits activating MeP. Animals were stimulated unilaterally via electrodes 
implanted in one vomeronasal organ.  FRAs expression was significantly greater in MeA on 
the stimulated than the unstimulated side (asterisk) or in implanted, unstimulated controls. 
There was no activation of MeP: in fact, FRAs expression was significantly less on the 
stimulated side (p=0.03) while FRAs expression in the ICNc was significantly higher on the 

stimulated side than the unstimulated side (asterisk; p= 0.001). 
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Anterior medial amygdala (MeA):  Within the MeA, there was a significant overall 

effect of �stimulation� (p= 0.01, F=34.993, df= 1, 6) and a significant overall effect of 
�implantation� (p< 0.002, F= 36.297, df= 1, 6) as well as a significant interaction (p= 
0.001, F= 33.551, df= 1, 6). Tukey post-hoc tests revealed that FRAs expression in the 
MeA was significantly higher on the stimulated side of the stimulated animal versus the 
un-stimulated side of the same animal (p< 0.001) and  that FRAs expression in the MeA 
was significantly higher on the stimulated side of the stimulated animal versus the 
implanted side of the unstimulated animals (p< 0.001).There were no significant 
differences between the implanted and unimplanted sides of the unstimulated males 
(Figure 19). 

Posterior medial amygdala (MeP):  Within the MeP there was no significant 
overall effect of �stimulation� or �implantation�, but there was a significant interaction (p= 
0.042, F= 6.606, df= 1, 6), presumably due to the lower expression on the stimulated 
side of the stimulated animals. However, Tukey post-hoc tests revealed no significant 
differences between the stimulated and un-stimulated side of the stimulated animals or 
the implanted versus the non-implanted side of the unstimulated animals (Figure 19). 

Caudal Intercalated Nucleus (ICNc):  Within the ICN there was a significant 
overall effect of �stimulation� (p= 0.01, F= 12.253, df= 1, 6) and a significant overall 
effect of �implantation� (p= 0.002, F= 26.025, df= 1, 6) as well as a significant interaction 
(p= 0.003, F= 23.311, df= 1, 6). Tukey post-hoc tests revealed that FRAs expression 
was significantly greater on the stimulated side of the stimulated animals, where MeP 
expression was depressed,  versus the unstimulated side of the same animals (p< 
0.001).  FRAs expression was also significantly greater on the stimulated side of the 
stimulated animals versus the implanted, but unstimulated side of the unstimulated 
animals (p= 0.002).  There were no significant differences between the implanted and 
unimplanted sides of the un-stimulated animals (Figure 19). 
 
FRAs Expression After Exposure to �Natural� Chemosensory Signals 
 
 In order to make comparisons with previous data on Fos expression and to test 
the effects of different stimuli on ICN activity, male hamsters were exposed to one 
conspecific chemosensory stimulus, female hamster vaginal fluid (HVF, n= 6) and one 
heterospecific stimulus: male mouse urine (mMU, n=6), as well as clean cotton swabs 
as a control (n=6). I measured FRAs expression in the anterior and posterior medial 
amygdala and in the caudal ICN. Within MeA, males exposed to both chemosensory 
stimuli had significantly more FRAs than clean swab controls,  while in MeP only the 
conspecific stimulus HVF (p< 0.001) had more FRAs than clean swab controls.  Within 
the caudal ICN there was significantly more FRAs activation with clean swab than with 
HVF, suggesting HVF may suppress activity in ICNc. Male mouse urine significantly 
increased FRAs expression in the ICNc above clean swab control, at the level of MeP, 
which mMU failed to activate (See Figure 20). 

 
Statistical analysis:  A Two-Way RM ANOVA comparing �brain area� (MeA or 

MeP and ICNc) and �exposure group� (HVF, mMU, CS) revealed significant overall 
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effects of both exposure (p< 0.001, F= 74.668, df= 2, 46) and brain area (p< 0.001, F= 
10.999, df= 4, 46), as well as a significant interaction (p< 0.001, F= 117.356, df= 8, 46). 
Tukey post-hoc tests were run to determine which groups were different.  Within MeA, 
both exposure groups had significantly more FRAs than for clean swab controls (p< 
0.001 for all groups) while in MeP only for the HVF-exposed group was FRAs 
significantly greater than clean swab control (p< 0.001).  Within the caudal ICN there 
was significantly less FRAs activation with HVF than with clean swabs (p< 0.001).  Male 
mouse urine significantly activated the ICNc above clean swab control (p< 0.001). 
Asterisks on the graph in Figure 20 indicate exposure groups significantly different from 
clean swab controls. 
 
Time-Course Experiment 
 
 I measured FRAs activation along the entire anterior/posterior extent of the 
medial amygdala (sections 1-15) (Figure 21) in a group of males that were exposed to a 
conspecific, socially relevant chemosensory stimulus, female hamster vaginal fluid 
(HVF) and in another group exposed to a heterospecific, socially non-relevant stimulus, 
male mouse urine (mMU). Male hamsters were exposed to the stimulus for 15 minutes 
and then perfused at the following time-points: 15, 45, and 90 minutes as well as 3, 6, 
12, and 24 hours.  For simplicity all of these timepoints are not shown. The 15 minute 
timepoint shows baseline expression because there is not enough time for FRAs protein 
expression. Maximum protein expression occurred between 45 and 90 minutes. FRAS 
expression had increased in all sections from anterior (MeA) to posterior (MeP) at 45 
and 90 minutes after stimulation with the conspecific stimulus-HVF. FRAs expression in 
the medial region of the ICN (mICN) with exposure to HVF was depressed in all 
sections from the level of MeA to MeP, compared to baseline conditions. Male mouse  
urine also activated the anterior medial amygdala at 45 and 90 minutes, but FRAs 
expression was low in the posterior medial amygdala, lower, in fact, than baseline. At 
intervening sections along the anterior/ posterior axis of the medial amygdala, FRAs 
expression appears to decrease approximately linearly with distance. In mICN, FRAs 
expression increases approximately linearly from MeA to MeP(Figures 22-24). Thus, I 
found a reciprocal relationship between activation in medial amygdala and in the 
neighboring, mainly GABAergic ICN. These data suggest that the reduced MeP 
activation with heterospecific (socially non-relevant) stimuli (e.g. mouse urine) may be 
due, in part, to inhibition from the laterally located ICN (Figure 24). The graphs for 
baseline (15 minutes) and peak expression (45 minutes) conditions are reproduced at 
larger scale in Figure 24 to illustrate the reciprocal relationship for both HVF and mMU. 
 I also counted FRAs nuclei in several neuro-anatomical regions within the 
amygdala such as the basolateral (BLA) and central nuclei (CeA). There was no 
systematic relationship at any timepoint in any of the sections between stimulus- 
induced FRAs expression in BLA and its associated lateral ICN (lICN) or CeA and its 
associated dorsal ICN (dICN). Stimulus-induced FRAs expression corresponds to 
changes in FRAs from the 15-minute baseline timepoint.  
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Figure 20. FRAs expression in the anterior (black bars) and posterior (red bars) medial 
amygdala and caudal intercalated nucleus (blue bars) following exposure to a conspecific 
vs. heterospecific chemosensory stimulus. Tissue sections were single-labelled using DAB 
to visualize FRAs immunoreactive nuclei.  The conspecific stimulus female hamster vaginal 
fluid (HVF) is important for social interactions, it serves to attract and arouse male 
hamsters. HVF significantly increased FRAs expression in both the anterior and posterior 
medial amygdala (MeA and MeP) above the levels of FRAs with clean swab control. The 
heterospecific stimulus-male mouse urine (mMU) is important for reproductive and other 
social interactions in male and female mice. Exposure to mMU significantly increased 
FRAs expression in the anterior, but not the MeP. This experiment confirmed earlier 
findings using Fos expression, but also revealed activation of the inhibitory intercalated 
nucleus (ICN).  Here, the heterospecific stimulus activated the caudal ICN above clean 
swab control and did not activate MeP. Activity in these inhibitory neurons was suppressed 
with HVF exposure. Asterisks indicate significant differences from the same areas in clean-
swab controls (p< 0.01; Tukey post-hoc test in a two-way RM ANOVA comparing brain 
area and exposure. 
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Figure 21. Schematic representation of coronal sections though out the rostral to caudal extent 

of the medial amygdala. The section on the top left is the most rostral section that I examined. 
The last section on the bottom right is the most caudal section. For the plots in Fig. 23, FRAs 
expression was averaged for each brain area across these adjacent sections. The sections 
shown here are the center section of each set of 3. The large red stars mark the medial 
amygdala, while the smaller blue stars mark the intercalated nucleus. Section 2 is the center of 
the area that I characterize as �MeA�. Section 14 is the center of the area that I characterize as 
�MeP�. Modified from Morin and Wood, 2001.
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Figure 22. Activation of FRAs expression in sections along the anterior/ posterior 
extent of the medial amygdala (Sections 1-16) over time.  FRAs expression increased 

in anterior (MeA) and posterior (MeP) regions at 45 and 90 minutes after stimulation with a 
conspecific stimulus (female hamster vaginal fluid-HVF). FRAs expression was decreased 
through out the anterior/posterior extent of the medial group of ICN cells (mICN). A 
heterospecific stimulus (male mouse urine) activated the anterior, but not posterior medial 
amygdala and caudal, but not rostral mICN. The reciprocal relationship between activation 
in medial amygdala and in neighboring , mainly GABAergic, mICN is clear. The medial 
amygdala may be inhibited by the laterally located ICN.  Reduced MeP activation with 
heterospecific stimuli such as mouse urine may be due, in part, to inhibition. 
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Figure 23  Representative photomicrographs showing FRAs expression (DAB 

staining) at 30 minutes after stimulation with a conspecific stimulus (female 
hamster vaginal f-HVF), a heterospecific stimulus (male mouse urine), and clean 
swab controls. The was a reciprocal relationship between activation in medial 
amygdala and in the neighboring , mainly GABAergic, intercalated nucleus (ICN). 
Scale bar represents 100 µm. 
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Figure 24. Larger scale version of 4 graphs from Fig. 23 showing baseline (15 min.) FRAs 

expression and Peak (45 min.) FRAs expression after stimulation with conspecific (HVF) 
and heterospecific stimuli (mMU). See Figure legend for Figure 23. 
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Discussion 
 

 
In the studies described in this chapter, I used FRAs, instead of Fos expression 

to look at neuronal activation in the medial amygdala and the adjacent GABAergic 
intercalated nucleus (ICN).  As I described with Fos expression in chapter 1, there was  
a clear difference in FRAs expression in the medial amygdala in response to exposure 
to conspecific versus heterospecific chemosensory stimuli. Here, I was able to confirm 
the categorical difference in activity in posterior medial amygdala using a different 
immediate early gene (FRAs) marker of neuronal activity. As in chapter 1, male 
hamsters that were exposed to a conspecific chemosensory stimulus had increased 
FRAs expression in both the anterior medial amygdala (MeA) and MeP, while males 
exposed to heterospecific stimuli in the same manner only had increased FRAs 
expression in MeA and not MeP.  

In addition to confirming data from chapter 1, I also looked at FRAs in another 
group of cells in the amygdala- the GABAergic intercalated nucleus cells. Cells in the 
caudal part of the medial group of ICN cells (ICNc) or (mICNc)  showed increased FRAs 
expression (but not Fos) in male hamsters exposed to the heterospecific stimulus, male 
mouse urine (mMU). The mICNc also responded when male hamsters were exposed to 
the conspecific stimulus, HVF, but the response was in a different direction. With HVF, 
FRAs activity in these mICNc cells was decreased below the level of FRAs in males 
exposed to clean swabs.  When I compared these data with data from the medial 
amygdala, a clear relationship emerged: When MeP activation was low, ICNc activation 
was high; when MeP activation was high, ICNc activity was low or even suppressed. 

Responses to artificial electrical stimulation of the VNO mimicked the responses 
in both the medial amygdala and ICN seen with the heterospecific �natural� stimulus, 
mMU.  Electrical stimulation activated FRAs expression in MeA and cICN, but not MeP. 
These data show  more evidence of a relationship between activation of MeP and ICN. 
The data from experiments 1 and 2 showing that ICN was always activated when MeP 
was not activated, supports the hypothesis that activation of inhibitory ICN cells may 
inhibit activity in MeP. The plots of activation throughout medial amygdala and 
associated ICN (experiment 3-timecourse) clearly demonstrate this relationship. Data 
from the Timecourse experiment also provide evidence of a systematic relationship 
along the length of the medial amygdala.  

The most parsimonious circuit involved in this relationship would be an excitatory 
projection from MeA to activate inhibitory cells of the ICNc which would, in turn, inhibit 
MeP. In fact,  Pare et al, used retrograde labeling in cats and showed that the  main 
intra-amygdaloid targets of the intercalated nucleus are the central and medial nuclei. In 
light of previous immunohistochemical results showing that GABAergic cells represent 
the main cell type in the intercalated cell masses, these results imply that the 
intercalated cell masses constitute a potential source of GABAergic inhibition for  medial 
amygdala.  The position of these cells makes it possible that these GABAergic 
interneurons may regulate the flow of information from MeA to MeP, in a similar manner 
as in the  fear conditioning circuit.   
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The circuit described above may be too simple. There are extensive connections 
within and between the different nuclei of the amygdala. These connections indicate 
that there is extensive local processing of information entering the amygdala before it 
leads to the appropriate behavioral outcomes. An example of this extensive processing 
in the amygdala is seen within the fear conditioning circuit (described in the General 
introduction and the introduction to this chapter). Neurons in the lateral and basal nuclei 
have large dendritic trees, and neurons that have cell bodies in a particular nuclear 
subdivision (e.g., the dorsolateral subdivision of the lateral nucleus) may well have 
dendrites that extend into the next division (e.g., the medial subdivision of the lateral 
amygdala) (Faber et al., 2001; Pare and Gaudreau, 1996; Rainnie, 1993). In this 
instance axonal inputs that anatomically terminate in one particular subdivision of an 
anatomical nucleus may actually innervate neurons whose cell bodies are in a different 
subdivision. Based on these data, it is important to recognize that circuits in the 
amygdala and in other brain regions may be more complicated than would be 
suggested by a list of axonal inputs that anatomically terminate in a particular 
subdivision of an anatomical nucleus. In the case of the medial amygdala, the 
anatomical connections are not yet well defined, making it difficult to accept or reject the 
circuit proposed here. 

 
 

Conclusions 
 
 

Because both AOB and MeA were activated by both conspecific and 
heterospecific chemosensory stimuli, and the MeP was only activated by conspecific 
(socially-relevant) chemosensory stimuli,  I argued in chapter 1, that activation of MeP 
could be controlled by  the circuits within MeA that discriminate species or social-
relevance of chemosensory input. If this is true, then MeA may fail to excite MeP or may 
inhibit MeP via inhibitory interneurons in MeA or may excite a population of inhibitory 
interneurons, which then inhibit MeP. In this chapter, I demonstrated that FRAs 
expression in the largely GABAergic intercalated nucleus is negatively correlated with 
activation in the MeP,  providing initial evidence that an inhibitory circuit outside MeA 
may be involved in processing chemosensory signals. In the next chapters, I will 
investigate potential mechanisms for selective activation of MeP by conspecific stimuli, 
including further investigation of inhibition. 
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CHAPTER 3 
 

MECHANISM FOR DIFFERENTIAL FRAs EXPRESSION IN THE MeA and MeP: THE 
ROLE OF INHIBITORY CIRCUITS WITHIN THE AMYGDALA 

 
 
 
 

Introduction 
 

In chapter one, I demonstrated  that  categorical responses to a range of 
chemosensory stimuli in medial amygdala, first observed as different responses to 
artificial stimulation and to HVF stimulation. Thus, exposure to conspecific stimuli, used 
as social signals by other male and female hamsters, activated both anterior and 
posterior medial amygdala (MeA and MeP). Exposure to chemosensory stimuli from 
other species (heterospecifics) that, like artificial stimulation,  should have little or no 
social relevance to hamsters, only activated MeA, and not MeP. In chapter 2, I showed 
a relationship between the failure of heterospecific stimuli to activate MeP and activation 
of putative GABAergic cells in the intercalated nuclei. Activation of this population of 
potentially inhibitory interneurons when activity in MeP was suppressed led to the 
hypothesis that the ICNc inhibits MeP.  Here, in chapter 3, I use double-label  
immunocytochemistry to look at FRAs activation of GABA immunoreactive (+) cells or 
FRAs activation of GABA-Receptor immunoreactive (+) cells to test the  hypothesis that 
ICN activation is in GABA (+) cells and that their activation is associated with decreased 
activation in GABA-R (+) cells in MeP. Other related mechanisms are described on the 
diagram in Figure 25. These mechanisms will be discussed in the General Discussion. 
 
Background 
 

The amygdala is involved in multiple tasks, such as generation of autonomic and 
motor responses to emotionally relevant sensory stimuli  (LeDoux, 1992) and 
modulation of the formation of memories for emotionally arousing events (Cahill and 
McGaugh, 1998). The computations needed to accomplish these functions occur within 
excitatory intra-amygdaloid circuits that are modulated by inhibitory neurons (McDonald, 
1992).  In the central nervous system GABA functions as the main inhibitory 
neurotransmitter by acting on both ionotropic (GABA A and C) and metabotropic (GABA 
B) receptors to restrict the ability of neurons to fire action potentials (Curtis and Watkins, 
1965). GABA is released from pre-synaptic terminals into the synaptic cleft in response  
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Figure 25. Potential mechanisms for failure of heterospecific and artificial stimuli to 
activate posterior medial amygdala (MeP): All assume a different pattern of input to 
MeA with different stimuli. 

1. Differences in the pattern of input to MeA, such that MeP is not informed about 
stimulation. 

2. Activation of inhibitory (e.g. GABA) neurons in MeA that inhibit output from MeA 
or that inhibit neurons in MeP. 

3. Feedback inhibition from the GABAergic Intercalated Nuclei (ICN) to MeA such 
that output to MeP is inhibited. 

4. Excitatory projections to an inhibitory neuronal population such as the caudal 
ICN that inhibit MeP. 
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to action potentials. High concentrations of GABA and GABAa-Receptors are found in 
the limbic system. In rats, there is strong GABA staining in the small neurons that 
comprise the intercalated nucleus (ICN). GABA containing terminals are found in the 
central and medial nuclei of the amygdala, especially in MeP. Many GABA 
immunoreactive cell bodies are also found in the basal and lateral nuclei (Nitecka and 
Ben-Ari, 1987).  Figure 26 shows the distribution of GABA immunoreactivity in MeP and 
adjacent nuclei in male hamsters.  
 
Hypothesis 
 
 Activation of intra-amygdaloid inhibitory circuits by heterospecific and artificial 
stimuli suggests that inhibition may account for lack of activation in MeP by these 
stimuli.  In the previous chapter, I suggested that increased FRAs expression in the 
intercalated nucleus cells may reflect ICN activation responsible for this inhibition of 
MeP.  Here, double-label ICC is used to test two specific hypotheses. The first 
hypothesis is that activation in ICN was actually in GABA (+) cells. Because 
approximately eighty percent of the cells in ICN are GABAergic, it is likely that this 
hypothesis will be supported. The second hypothesis is that suppression of activity in 
MeP is greater in GABA-R (+) cells. Other mechanisms that could be important in this 
circuit are shown in Figure 25 and evaluated in the General Discussion. 
 

Methods 
 

 
 Some of the general methods for the experiments in this chapter are the same as 
those described in Chapters 1 and 2.  In chapters one and two, I used single-label 
peroxidase immunocytochemistry to visualize Fos or FRAs immunoreactive nuclei. In 
chapters 3 and 4, the animals were exposed to stimuli in the same way as in chapters 1 
and 2, but thinner sections were cut and processed for double-label fluorescent 
immunocytochemistry. Differences in protocol are described below. 
 
Experimental Design 
 
  Six groups of naïve male hamsters were used to study the distribution of Fos-
related antigen (FRAs) expression in GABA immunoreactive (+) and GABA-R (+) cells 
in sections throughout the medial amygdala and adjacent intercalated nucleus. Males in 
the control group were exposed to clean swabs (n= 13).  Three groups of males were 
exposed to stimuli from other hamsters (conspecifics).  These stimuli included female 
hamster vaginal fluid (n=12), female flank gland secretion (n=6), male flank gland 
secretion (n= 15). Two other groups of male hamsters were exposed to heterospecific 
stimuli including female mouse urine (n=7) or male mouse urine (n=1).   
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Figure 26. Many cells in the amygdala are GABAergic. Here GABA was labelled with a 

monoclonal primary antibody which was then recognized by a fluorescent secondary 
antibody.  GABA expression was particularly strong in the intercalated nucleus and 
central nucleus.  This photomicrograph was taken at the level of the posterior medial 
amygdala. This image was captured at low power by a high resolution black and white 
camera.  The picture was then pseudo-colored using the program Metamorph. Access to 
Metamorph was kindly provided by Dr. Marc Freeman. Scale bar is 200µm. 
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Selection of GABA Antibody 
 
 In order to identify GABA-expressing neurons by immunocytochemistry, the 
antibody used must label the cell body of the neurons. Available antibody to the GABA-
synthesis enzyme Glutamic Acid Decarboxylase (GAD) and some of the antibodies that 
recognize GABA itself labelled many small objects that outlined cells but appeared to be 
terminals. This is not unexpected because GAD is transported into the terminal where it 
synthesizes GABA. Because a cell clearly surrounded by GABA immunoreactive 
terminals might be mistaken for a cell with GABA immunoreactivity in the cytoplasm. I 
used an antibody that recognizes the axon terminal protein, synapsin, to screen GABA 
antibody function in tissue samples from the important areas of the amygdala. GABA 
terminals would be double labeled, but GABA immunoreactive cell bodies would not . 
Figure 27 shows an example of GABA staining in the medial amygdala with double-
label for synapsin. Terminals are stained red and GABA green. GABA terminals appear 
yellow. This antibody clearly stains the cell body and was selected for use in the studies 
reported here. The antibodies are listed below. 

1. γ-Aminobutyric acid (GABA) (see Figure 26): Monoclonal Anti-GABA was 
derived from the hybridoma  produced by the fusion of mouse myeloma cells and 
splenocytes from an immunized mouse. Purified GABA conjugated to BSA was used as 
the immunogen. This antibody was evaluated (by Sigma) for activity and specificity by 
dot blot immunoassay. According to Sigma, there was no cross-reactivity observed with 
BSA, L-α-aminobutyric acid, L-glutamic acid, L-aspartic acid, glycine, δ-aminovaleric 
acid, L-threonine, L-glutamine, taurine, putrescine, L-alanine, and carnosine. There was 
a weak cross-reaction is observed with β-alanine and ε-aminocaproic acid. Sigma 0130; 
Clone GB-69. This mouse antibody was used at 1: 10,000 dilution in combination with a 
FRAs antibody made in rabbit.  

2. GABAa-Rα: At least in rat, the distribution of individual GABA-R subunits is 
quite homogeneous within the amygdala. There is prominent labeling α1, α2, β1� β 3 
and γ2 subunits and moderate labeling of the α3 sub-unit. For medial amygdala, there is 
diffuse staining of α1, β1� β 3, γ1,2. There is intense α1 staining in cell bodies of the 
medial amygdala (Pirker et al., 2000). Here we used an affinity purified goat polyclonal 
antibody that reacts with GABAa-Rα1, GABAa-Rα2, GABAa-Rα3 and GABAa-Rα5. It is 
non cross-reactive with other GABAa-R alpha subunits. Santa Cruz Biotechnology (sc-
7349); The  Blocking peptide, sc-7349 P was used fro pretreatment controls. 

Secondary antibodies: Molecular Probes, Inc: FRAs + GABAa-Receptor: Alexa 
Fluor 488 donkey anti Goat (A-11055; 1:500) and Alexa Fluor 594 donkey anti rabbit (A-
21209; 1:500) (A-21202; 1:500). For FRAs + GABA:  Alexa Fluor 594 donkey anti rabbit 
(A-21209; 1:500) and Alexa Fluor 488 donkey anti mouse (A-21202; 1:500). 

Control for GABA in cell soma: Rabbit anti Synapsin (1:200)- a gift of Dr. Charles 
Ouimet, Florida State University. Antibody was originally purchased from Zymed 
(catalogue # 51-5200). This antibody specifically recognizes synapsin 1α and 1 β (~ 80 
and ~ 77 kDa respectively). 
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Tissue Processing for Double-Label Fluorescent ICC 
 
 After stimulus exposure for 15 minutes, animals were returned to their home 
cage for a further 30 minutes, then deeply anesthetized with sodium pentobarbital and 
perfused through the heart with 0.1M phosphate-buffered saline (pH 7.4) followed by 
4% paraformaldehyde.  Brains were removed and post-fixed for 1-2 hours, cryo-
protected in 30 % sucrose overnight, then sectioned serially on a freezing microtome at 

25-µm thickness. After sectioning, free- floating coronal sections were washed for 1 
hour in 0.1 M PBS (3 washes), incubated in 1% Hydrogen Peroxide for 30 minutes, then 
washed at least 3 times in 0.1 M PBS (until bubbles from peroxide disappeared). All 
secondary antibodies were made in donkey so sections were blocked with 0.1 M PBS 
with 5% Normal Donkey Serum (NDS) for 1 hour.  Both primary antibodies were diluted 
in the same Normal Donkey Serum solution and sections were incubated for 24 hours at 
room temperature. The following day, sections were washed in 0.1 M PBS (5 washes), 
and incubated in a solution containing NDS and both secondary antibodies for 2 hours 
at room temperature. After secondary antibody, sections were washed 3 times in 0.1 M 
PB, then mounted on Fischer Superfrost Plus slides using Vectashield Hard Mount 
(Vector). 
 
Counting 
 
 Sections were taken throughout the rostral/ caudal extent of the medial 
amygdala. For anterior medial amygdala, two alternate sections were processed for 
GABA and FRAs or GABAa-Receptor (alpha 1-alpha 3) + FRAs double-label immuno-
fluorescence, such that 4 sections (100 µm) represented total FRAs counts for the 
anterior medial amygdala (MeA). For graphs showing double-label with FRAs and 
GABA, the 2 GABA labelled sections (separated by 25µm) were averaged together. For 
GABA-Receptor data, counts for the other 2 sections were averaged. For posterior 
medial amygdala, four sections located approximately 300 microns caudal to MeA were 
processed in the same way. The sections through the posterior medial amygdala were 
also the sections in which I counted cells of the medial intercalated nucleus. Here I 
called the ICN cells adjacent to the posterior medial amygdala- caudal ICN. In each 
double-labelled section, I counted 3 populations of cells (see Figure 28):  
 

Population 1: Cells that had FRAs immunoreactivity in the nucleus, but not GABA    
(FRAs (+)/ GABA (-)) or GABA Receptor (FRAS (+)/ GABA-R (-) in the cytoplasm.  
 

Population 2: Cells that had GABA (FRAs (-)/ GABA (+) or GABA-R (FRAs (-)/ 
GABA-R (+) immunoreactivity in the cytoplasm, but not FRAs in the nucleus. 
 

Population 3: Cells that had both FRAs immunoreactivity in the nucleus and 
GABA (or GABA-R) immunoreactivity in the cytoplasm. 

 
In these experiments, male hamsters were exposed to many of the same stimuli, 

in the same manner as in chapters 1 and 2. Here I used double-label fluorescent 
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immunocytochemistry to investigate the phenotype of cells that were activated (eg. 
showed increased FRAs expression) by the different categories of chemosensory 
stimuli (conspecific vs. heterospecific). I was interested in describing the population of 
cells that showed FRAs activation after exposure to chemosensory stimuli. No tissue 
was triple-labelled so the extent of co-localization of GABA -ir and GABA R -ir is 
unknown. 
 

Results 
 
 

Total Fos-Related Antigen (FRAs) Expression 
 
 Data for total FRAs expression came from the average of all four 25µm sections 
through each area of interest (MeA and MeP/ ICNc. For total FRAs, I added FRAs 
expression in cells that were not GABA or GABAa-Receptor (GABA-R)  
immunoreactive, GABA (-) or GABA-R (-) and FRAs expression in cells that were also 
GABA or GABA receptor immunoreactive, GABA (+) or GABA-R (+) (see Figure 28). 
 As in chapter 1 with Fos expression, male hamsters that were exposed to any of 
the chemosensory stimuli (conspecific or heterospecific) had increased FRAs  
expression in MeA. Only male hamsters that were exposed to stimuli from other 
hamsters (conspecifics) showed increased FRAs expression in MeP (Figures 29 and 
30). All of the male hamsters that were exposed to any of the heterospecific stimuli also 
had increased FRAs expression in the intercalated nucleus (ICNc) (Figure 31). These 
were also the males that did not have significant activation of MeP. In one case, male 
hamsters exposed to a conspecific stimulus, male flank gland secretion (mFGS), also 
had increased FRAs expression in the ICN, even when total FRAs expression in MeP 
was high (Figure 31). 
 

Statistical Analysis:  A Two-Way RM ANOVA comparing �brain area�   (MeA, 
MeP, and  ICNc) and �exposure� (CS, HVF, fFGS, mFGS, fMU, and mMU) revealed 
significant overall effects of both exposure (p< 0.001, F=84.668, df= 6, 50) and brain 
area (p< 0.001, F= 20.999, df= 3, 50), as well as a significant interaction (p< 0.001, F= 
117.356, df= 6, 50). These significant main effects indicate that responses to different 
chemosensory stimuli depended on which brain area was examined. Tukey post-hoc 
tests were run to determine which groups were different.   

Within MeA, all males exposed to chemosensory stimuli had significantly more 
FRAs expression than clean swab controls (p< 0.001 for all groups), while in MeP only 
males exposed to the conspecific stimuli: HVF (p< 0.001), fFGS (p< 0.001), and mFGS 
(p< 0.001) had significantly greater FRAs expression than clean swab controls (Figure 
29).  Interestingly, FRAs expression in the caudal ICN of males exposed to HVF was 
significantly less than in the ICNc of males exposed to clean swabs (p< 0.001).  
Exposure to the heterospecific stimuli fMU and mMU significantly activated FRAs  

expression in the ICNc above clean swab controls (p< 0.001 for both). 
Additionally, a conspecific stimulus, mFGS also activated the ICNc above clean swabs 
controls (p= 0.001). Asterisks on the graph indicate that FRAs expression was  
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Figure 28.  FRAs and GABA double-label. There are 3 populations of cells. Cells with 
green cytoplasm and red in the nucleus are immunoreactive  for both FRAs (+) and 
GABA (+). Cells with red in the nucleus, but no green in the cytoplasm are FRAs (+), but 
GABA (-) The cells with green in the cytoplasm, but not red in the nucleus are GABA-R 

(+), but FRAs (-). Scale bar is 5 µm. 
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Figure 29. Total Fos Related Antigens (FRAs) expression in the medial amygdala. 
 
The conspecific stimuli significantly activated both anterior and posterior medial 
amygdala (MeA and MeP), while the heterospecific stimuli significantly activated only 
MeA. Data represent the average of 4 sections through each anatomical nucleus.  Two 
alternating sections were double-labeled for GABA or GABA receptor (data presented in 
later figures). Here FRAs expression was visualized using immuno-fluorescence (instead 
of DAB). See Figure 31.  
 
Asterisk= significantly greater than clean swab controls (p< 0.01; Tukey post-hoc tests in Two-Way RM 
ANOVA comparing �exposure group� and �brain region�). CS= clean swab, HVF= hamster vaginal fluid, 
fFGS= female flank gland secretion, mFGS= male FGS, fMU= female mouse urine, mMU= male MU, 
MeA= anterior medial amygdala, MeP= posterior medial amygdala. 
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Figure 30. Representative photomicrographs showing Fluorescent FRAs expression 
in the MeA and MeP. 
Note: The level of FRAs expression with fluorescence was lower than with DAB methods 
because no avidin- biotin amplification was used.  The differences in FRAs expression 
between groups (clean swab vs. chemosensory stimuli) was still measurable. 
MeA= anterior medial amygdala, MeP= posterior medial amygdala, OT= optic tract.  
Scale bar= 50 µm in all panels. 
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significantly different from clean swab controls after exposure to a chemosensory 
stimulus (Figure 31). 
 
GABA + FRAs 
 

As described above, male hamsters that were exposed to all of the 
chemosensory stimuli had increased FRAs expression in the anterior medial amygdala 
(MeA), but there was a difference in the pattern of activation across cell phenotypes. 
FRAs activation was distributed among cells in the amygdala that were GABA 
immunoreactive which I will refer to as GABA (+) or cells that had FRAs activation, but 
that did not have detectable GABA immunoreactivity, which I will refer to as GABA (-). 
Male hamsters that were exposed to one of the conspecific stimuli, HVF, had increased 
FRAs expression in more cells that were not GABA immunoreactive,  GABA (-). On the 
other hand, male hamsters that were exposed to a heterospecific stimulus, male mouse 
urine (mMU) had significantly more FRAs activation of GABA (+) cells than clean swab 
controls or HVF.  
 There were no significant differences in total FRAs expression in the posterior 
medial amygdala (MeP) with exposure to the conspecific stimuli, but there were 
differences in the pattern of activation in cells of different phenotype. Males exposed to 
mFGS had significant FRAs activation of GABA (+) cells in MeP, while the other 
conspecific stimuli tended to activate GABA (-) cells. Exposure to the heterospecific  
chemosensory stimuli did not increase FRAs expression in the MeP in either population 
of cells, GABA (+) or GABA (-). 
 There was significant FRAs activation in GABA (+) neurons in the caudal 
intercalated nucleus (ICNc) adjacent to MeP in males exposed to both of the 
heterospecific stimuli. These were also the males that did not have significant FRAs 
activation in MeP. Additionally, there was FRAs activation in GABA (+) cells in the ICNc 
with a conspecific stimulus, mFGS.  As stated above, males that were exposed to 
mFGS did have significant activation of MeP, but the pattern of FRAs expression was 
different than with the other conspecific stimuli. With mFGS, FRAs expression was 
almost exclusively in GABA (+) cells (See Figures 32-35). 
 

Statistical Analysis:  These data were analyzed using separate two-way repeated 
measures (RM) ANOVAs for each brain area (MeA, MeP, and ICN) because no method 
for 3-Way ANOVA with repeated measures and unequal groups was available.  I 
compared the factors �phenotype of activated cells� GABA (+) or GABA (-) and �stimulus 
exposure� (HVF, mFGS, fFGS, mMU, fMU, and CS). These data are presented 
separately for each brain area. The main effects are described first. If there were 
significant main effects, Tukey post-hoc tests were conducted to determine which 
groups were different. The comparison between FRAs expression after exposure to a 
chemosensory stimulus and  FRAs after exposure to clean swabs within each 
phenotype of activated cells is described below. All responses are compared to clean 
swab controls. 
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Figure 31.  Total Fos Related Antigens (FRAs) in the caudal intercalated nucleus 
(ICNc).  
 
Data represent 4 sections through each anatomical nucleus.  Two alternating sections 
were also double-labeled for GABA or GABA receptor. Here FRAs expression was 
visualized using immuno-fluorescence (instead of DAB). The heterospecific stimuli 
activated the inhibitory intercalated nucleus (ICNc) when MeP activation is low.  One 
conspecific stimulus (mFGS) also activated ICNc, but in this case MeP was activated 
above control.  
 
Asterisk= significantly greater than clean swab controls (p< 0.01; Tukey post-hoc tests in Two-Way RM 
ANOVA comparing �exposure group� and �brain region�). CS= clean swab, HVF= hamster vaginal fluid, 
fFGS= female flank gland secretion, mFGS= male FGS, fMU= female mouse urine, mMU= male MU, 
MeA= anterior medial amygdala, MeP= posterior medial amygdala, ICNc= caudal intercalated nucleus. 
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Figure 32. FRAs activation of GABA neurons in anterior medial amygdala. All 
biological stimuli significantly activated MeA. A conspecific stimulus-female hamster 
vaginal fluid (HVF) activated significantly more FRAs (+), but GABA (-) cells than clean 
swab controls (p<0.001). Male mouse urine activated significantly more GABA (+) 
neurons than clean swab controls (p< 0.001). Asterisks indicate that exposure to the 
chemosensory stimulus was significantly different than clean swab controls (Tukey post-
hoc test in a Two-Way Repeated Measures ANOVA comparing exposure and phenotype 
of cells). The other stimuli did not activate one population of cells more than another. 
Activation of GABA (+) cells in MeA did not predict which stimuli would activate posterior 
medial amygdala, but that could be a sample size effect- with a larger sample fMU might 
show significant GABA (+) activation. 
 
CS= clean swab, HVF= hamster vaginal fluid, fFGS= female flank gland secretion, mFGS= male FGS, 
fMU= female mouse urine, mMU= male MU, MeA= anterior medial amygdala. 
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Figure 33. FRAs activation of GABA (+) neurons in posterior medial amygdala. 
There were no differences in total FRAs in MeP with conspecific stimuli, but male 
FGS did significantly activate more GABA (+) neurons than clean swab controls 
(p< 0.001) Asterisks indicate that exposure to the chemosensory stimulus was 
significantly different than clean swab controls (Tukey post-hoc test in a Two-Way 
Repeated Measures ANOVA comparing Exposure and Phenotype of cells).  
 
No population of cells in MeP was activated by heterospecific (socially non-
relevant) chemosensory stimuli. 
 
CS= clean swab, HVF= hamster vaginal fluid, fFGS= female flank gland secretion, mFGS= male 
FGS, fMU= female mouse urine, mMU= male MU, MeP= posterior medial amygdala 
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           Anterior medial amygdala: For MeA, there was a significant main effect of 
�exposure� (p< 0.001, F= 6.329, df= 5, 28), but no overall effect of �phenotype�. There 
was a significant interaction (p=  
0.001, F= 5.521, df= 5, 28).  These main effects indicate that FRAs expression 
responses to different stimuli depended on which population of cells was investigated;  
GABA (+) or GABA (-), but that there was no overall difference in activation of the two 
phenotypes. Tukey post-hoc tests revealed that within the GABA (-) cells, FRAs 
expression in response to  HVF was significantly greater than clean swab controls (p= 
0.006). Within the GABA immunoreactive cell population, GABA (+), FRAs expression in 
response to the mMU was significantly greater than clean swab controls (p= 0.002). 
These differences are indicated by asterisks on the graph in Figure 32. 

Posterior medial amygdala: For MeP, there were significant main effects of 
exposure (p< 0.001, F= 7.115, df= 5, 28) and phenotype (p< 0.001, F= 27.512, df= 1, 
28), as well as a significant interaction (p= 0.006, F= 4.097, df= 5, 28). These main 
effects indicate that FRAs responses to different stimuli were dependent on the 
phenotype of activated cells- GABA (+) or GABA (-). Tukey post-hoc tests revealed that 
within the FRAs activated, non-GABA immunoreactive cells, HVF activated significantly 
more than clean swab controls (p< 0.001). Within FRAs activated and GABA (+) cells, 
mFGS activated significantly more than clean swab controls (p= 0.03). These 
differences are indicated by asterisks on the graph in 33. 

Caudal intercalated nucleus: For ICNc, there were significant main effects of 
exposure (p< 0.001, F= 6.926, df= 5, 28) and phenotype (p< 0.001, F= 32.429, df= 1, 
28), as well as a significant interaction (p= 0.001, F= 5.521, df= 5, 28). Tukey post-hoc 
tests revealed that within the FRAs activated, but GABA (-) cells, no stimulus 
significantly activated this small population of cells. Within FRAs activated and also 
GABA (+) cells, mFGS (p= 0.013), fMU (p= 0.017), and mMU (p= 0.003) activated 
significantly more than clean swab controls (p= 0.03). These differences are indicated 
by asterisks on the graph in Figure 34. 
 
GABAa -Receptor + FRAs 
 
 Within the MeA, there were no significant differences in the pattern of FRAs 
expression in GABAa-Receptor (GABA-R) immunoreactive (+) cells, suggesting that 
GABA inhibition within MeA did not account for patterns of activation in MeP (see 
discussion) (Figure 35). Within the MeP, male hamsters that were exposed to 
heterospecific stimuli had significantly fewer FRAs cells that were GABA-R (+) than 
males exposed to clean swabs (Figure 36). Males exposed to conspecific (socially-
relevant) stimuli had FRAs activation of many GABA-R (+) cells in MeP. These cells had 
the potential to be inhibited, but with MeA activation by conspecific stimuli, inhibitory 
circuits were apparently not to be engaged. These data suggest that the lack of 
activation of MeP with socially non-relevant stimuli may be due to GABAergic inhibition; 
possibly from ICN given the data on activation of GABA (+) cells in ICN, described 
above. For ease of visual comparison, GABA-R data in the graphs were normalized for 
the total number of GABA-R (+) cells and presented as % of GABA-R (+) cells that were 
activated (FRAs (+)).  Normalization makes only a small difference because the total #  
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 Figure 34. FRAs activation of GABA (+) neurons in the caudal intercalated nucleus 

(ICNc).  There was significant activation of GABA (+) neurons in ICNc with all of the 
heterospecific stimuli (p< 0.001) and with one conspecific stimulus- male FGS (p< 
0.001). Asterisks indicate that exposure to the chemosensory stimulus was 
significantly different than clean swab controls (Tukey post-hoc test in a Two-Way 
Repeated Measures ANOVA comparing exposure and phenotype of cells).  
 
CS= clean swab, HVF= hamster vaginal fluid, fFGS= female flank gland secretion, mFGS= male FGS, 
fMU= female mouse urine, mMU= male MU 
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Figure 35.  FRAs expression in cells that are GABA-R (+) in the anterior medial 

amygdala (MeA). There were no significant differences in FRAs activation of 
GABA-R (+) in the MeA. GABA inhibition within MeA did not account for patterns 
of activation in MeP.  
 
Data were normalized for the total # of GABA-R (+) cells. Here the graph shows 
the percent of total cells that are GABA-R (+) and also FRAs (+). The total 
number of GABA-R (+) cells in shown in the bars on the graph. 
 
CS= clean swab, HVF= hamster vaginal fluid, fFGS= female flank gland 
secretion, mFGS= male FGS, fMU= female mouse urine, mMU= male MU. 
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Figure 36. FRAs expression in cells that are GABA-R (+) in the posterior medial 
amygdala (MeP). Heterospecific stimuli activated significantly fewer GABA-R (+) cells 
in MeP than clean swab controls or conspecific stimuli. These cells with the potential 
to be inhibited by GABA were significantly less active with heterospecific stimuli than 
in control males. Asterisks indicate significant differences from clean swab control 
(Tukey post-hoc test in a Two-way ANOVA that compared �phenotype� and 
�exposure�. 
Conspecific, socially-relevant stimuli activated many GABA-R (+) cells in MeP. These 
cells had the potential to be inhibited, but with MeA activation by socially relevant 
stimuli, inhibitory circuits were apparently not engaged.  
 
Data were normalized for the total number of GABA-R. Here the graph shows the 
percent of total cells that are GABA-R (+) and also FRAs (+). The total # of GABA-R 
(+) cells is shown on the bars in the graph. 
 
CS= clean swab, HVF= hamster vaginal fluid, fFGS= female flank gland secretion, 
mFGS= male FGS, fMU= female mouse urine, mMU= male MU. 
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of GABA-R (+) cells was similar  for each group. The total number is shown on the bars 
in the graphs in Figures 35 and 36. 
 

Statistical Analysis: For statistical analysis,  the normalized data were analyzed 
using separate two-way repeated measures (RM) ANOVAs for each brain area (MeA 
and MeP). There were only small differences in the number of GABA-R (+) cells 
between the groups of animals exposed to different stimuli and analyses using 
normalized data had all of the same significant and non-significant comparisons as the 
analyses using non-normalized data. The total # of GABA-R (+) cells is shown on the 
graphs in Figures 35 and 36. The statistics for normalized data are presented here 
because the normalized data were used for the graphs. The analyses compared the 
factors �phenotype of activated cells�  GABA-R (+) or GABA-R (-) and �stimulus 
exposure� (HVF, mFGS, fFGS, mMU, fMU, and CS). These data are presented 
separately for each brain area. The main effects are described first. If there were 
significant main effects, Tukey post-hoc tests were conducted to determine which 
groups were different. The comparison between FRAs expression after exposure to a 
chemosensory stimulus and  FRAs after exposure to clean swabs within each 
�phenotype� of activated cells is described below. All responses are compared to clean 
swab control. 

Anterior medial amygdala: In MeA, there were no significant differences in the 
pattern of FRAs expression in GABA-R (+) cells in males exposed to any of the 
chemosensory stimuli. (Figure 35).  

Posterior medial amygdala: For MeP, there was a significant main effect of 
phenotype (p< 0.001, F= 237.07, df= 1, 25) and a significant interaction (p< 0.001, F= 
22.025, df= 5, 25) . Tukey post-hoc tests revealed that within the FRAs activated GABA-
R cell population, there were significant differences between several groups. Exposure 
to all of the conspecific stimuli activated significantly more GABA-R (+) cells than 
exposure to clean swabs: HVF (p< 0.001), fFGS (p= 0.001), mFGS (p= 0.01). In males 
exposed to the heterospecific stimuli, there were significantly fewer cells in MeP that 
were FRAs activated and GABA-R (+)  than in males exposed to clean swabs: fMU (p= 
0.01) and mMU (p= 0.002). For the graphs normalized data were transformed to percent 
of GABA-R cells that were activated.  Asterisks on graph in Figure 36 indicate that a 
particular group  was significantly different from clean swab controls.   

In the overall analysis GABA-R (+) cells in MeP were significantly suppressed by 
heterospecific stimuli; compared to their activation in clean swab controls. GABA-R (-) 
cells were not significantly suppressed (not shown). When levels of GABA-R (+) and 
GABA-R (-) activation by heterospecific stimuli and in clean swab controls were directly 
compared in a two-way RM ANOVA, GABA-R cells were significantly more suppressed 
than GABA-R (-) cells. Thus, GABA-R (+) cells were selectively suppressed by 
heterospecific stimuli as would be expected it they were actively inhibited by GABA. 
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Discussion 
 
 

 In the previous chapters, I described activation of a putative intra-amygdaloid 
inhibitory circuit consisting of anterior and posterior medial amygdala and the 
intercalated nucleus (MeA, MeP and  ICN). I showed  increased FRAs expression in the 
ICN cells when activation of MeP was low. Here, I demonstrated that the FRAs 
activation in ICNc was in GABA immunoreactive (+) cells and that there was selective 
suppression of GABA-R (+) cells in MeP.  GABA mediated suppression in MeP as 
indicated by significantly reduced activation of GABA-R (+) cells occurred only in male 
hamsters that were exposed to heterospecific chemosensory stimuli. These data 
suggest that active inhibition may be one mechanism for preventing activation of MeP 
by these heterospecific stimuli. 
 
Discrimination Among Conspecific Stimuli 
 

 Although there were no differences in total FRAs expression in posterior medial 
amygdala (MeP) with exposure to the conspecific stimuli, there were differences in the 
pattern of activation in cells that were GABA (+) versus cells that were GABA (-). Males 
exposed to mFGS had significant FRAs activation of GABA (+) cells in the MeP. None 
of the males exposed to the heterospecific chemosensory stimuli had increased FRAs 
in the MeP. These data indicate that the MeP is not only informed about all of the 
conspecific, socially-relevant stimuli, but that different cells are activated by different 
conspecific stimuli: If MeP functions to discriminate between the signals that do activate, 
such a difference would be expected for the generation of different output appropriate to 
each stimulus. 
 Male hamsters that were exposed to heterospecific (socially non-relevant) 
chemosensory stimuli (female and male mouse urine) had increased FRAs expression 
in GABA (+) cells of the ICNc. We predicted that inhibition from the ICNc may be 
responsible for lack of activation in the MeP. These data, along with the time-course 
experiment data from chapter 2 demonstrate a strong relationship between FRAs 
expression in the ICNc and the MeP. However, heterospecific (socially non-relevant) 
stimuli were not unique in activating ICNc. Exposure to a conspecific (socially-relevant) 
stimulus, male flank gland secretion, also activated ICNc, but with this stimulus, MeP 
was activated, not suppressed. These data suggest another potential level of 
processing in which the MeP is involved in discriminating between socially-relevant 
stimuli (more detail below). 
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CHAPTER 4 
 

CATEGORIZATION OF STIMULI IN THE AMYGDALA DOES NOT REQUIRE MAIN 
OLFACTORY INPUT 

 
 
 
 

Introduction 
 

 

  In the previous chapters, I demonstrated that male hamsters show a differential 
immediate early gene (IEG) response in posterior medial amygdala (MeP) when they 
are exposed to chemosensory stimuli from other hamsters (conspecific) versus stimuli 
from cats or mice (heterospecific).  The anterior medial amygdala (MeA) showed 
increased Fos and Fos-related antigen (FRAs) expression with exposure to both 
conspecific and heterospecific chemosensory stimuli, while MeP was only activated with 
exposure to stimuli from conspecifics. The experiments in this chapter were designed to 
test the hypothesis that main olfactory input is not necessary for categorization of 
chemosensory stimuli within the amygdala. To test this hypothesis,  I had to rule out the 
possibility  that main olfactory input may provide an excitatory or inhibitory input to MeA 
or intercalated nucleus FRAs responses in the MeP or an inhibitory input to MeP 
directly. There are anatomical connections between the two systems (described below 
and in the general introduction) that provide a means for main olfactory input to 
influence activity in MeA. My prediction was that main olfactory input would have little 
influence on differential FRAs expression in MeP with conspecific versus heterospecific 
chemosensory stimuli. This prediction was based largely on previous Fos and 
behavioral studies from our lab (described below).  
 
Central Connections of the Main and Accessory Olfactory Systems 
 

In addition to receiving a heavy projection from the accessory olfactory bulb 
(AOB)(Scalia and Winans, 1975) (Davis et al., 1978), the anterior medial amygdala 
(MeA) receives a minor input directly from the main olfactory bulb (MOB) (Lehman and 
Winans, 1982) and a substantial projection directly from main olfactory bulb targets in 
the amygdala, such as the anterior cortical nucleus (ACN) and  posterior lateral cortical 
nucleus (PLCN), as well as piriform cortex (PC) and Endo-piriform nucleus  (Otterson et 
al., 1982) (Coolen and Wood, 1998). The direct input from AOB to MeP is sparse but 
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inputs from MeA are dense (Winans and Powers, 1977; Gomez and Newman, 1992), 
suggesting that most VN input to MeP is relayed through MeA. For the main olfactory 
system, there are no direct pathways from the olfactory bulb to MeP, and indirect 
pathways come mainly through MeA (Coolen and Wood, 1998) rather than from other 
olfactory areas.   

 
Role of Main Olfactory Input for Mating and Other Social Behavior 
 

 The main olfactory epithelium  may be necessary for detection of certain 
pheromones and is sufficient to maintain some pheromone dependent behaviors in 
sexually experienced animals after the removal of the VNOs (Meredith, 1986) (Meredith, 
1998b) (Fewell and Meredith, 2002). As mentioned in the general introduction, the 
consequences of VNO removal are most apparent in sexually naïve animals. In our lab, 
inexperienced male hamsters with their vomeronasal organs surgically removed (VNX) 
show severe mating deficits, but experienced males do not (Meredith, 1986; Westberry 
and Meredith, 2003b). suggesting that with experience, the main olfactory system 
acquires the ability to recognize important chemosensory signals or that exposure 
allows that capability to be utilized. Behaviors in other species, including the standing 
response in female pigs in response to the male pheromone, androstenone (Dorries et 
al., 1997), or nipple finding behavior in newborn rabbits (Distel and Hudson, 1985), are 
unaffected by removal of the VNO. These behavioral responses are likely to be elicited 
by pheromones that activate the main olfactory system, and, at least in the newborn 
rabbit response, do not require experience with the stimuli.. Thus, mammals have 
evolved behavioral responses mediated by pheromones that activate either the main or 
the vomeronasal olfactory system, or both. However, in male hamsters, mating induced 
by HVF in the scented male test is largely dependent on the vomeronasal system, 
especially in naïve animals (Meredith, 1986; Westberry and Meredith, 2003b; Westberry 
and Meredith, 2003c) (Clancey et al., 1984). 
 
Zinc Sulfate  
 
 In the experiments described here, I used Intranasal administration of zinc sulfate 
to lesion the main olfactory epithelium. Zinc sulfate does not destroy all of the olfactory 
epithelium because it does not get into the far posterior-lateral recesses of the nasal 
cavity (Meredith and O'Connell, 1988). However, animals are effectively anosmic 
(measured by food discrimination test) and loss of olfactory input is sufficient that 
olfaction can no longer maintain mating behavior in experienced-VNX males (Powers 
and Winans, 1975) (Meredith et al., 1980). Slotnick and Gutman (1977) have 
demonstrated some residual olfactory capability when tested by operant conditioning in 
zinc sulfate treated rats (Slotnick and Gutman, 1977), but for a few days after recovery 
from the acute affects of zinc sulfate infusion, hamsters are operationally anosmic, 
probably because cellular debris blocks odor access to any remaining intact olfactory 
epithelium in the dorsal and lateral recesses of the nasal cavity. At later times (5-9 days) 
olfaction recovers (Costanza et al., (Costanzo and O'Connell, 1978) with a time-course 
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too fast for it to be due to regeneration of the olfactory receptors (Meredith and 
O�Connell, 1986). 
  
Fos Expression in Olfactory-Lesioned (OLFX) Males 
 

Fos studies have shown neural responses in OLFX males exposed to a receptive 
female or to female pheromones showed that there was little difference in the pattern of 
Fos expression in the vomeronasal amygdala, including both MeA and MeP in the 
absence of olfactory input.  These animals did show decreased Fos expression in the 
main olfactory projection areas, such as the olfactory amygdala which includes posterior 
lateral cortical nucleus (PLCN) and anterior cortical nucleus (ACN) (Fernandez-Fewell 
and Meredith, 1998). These Fos data, together with the behavioral studies showing that 
olfactory lesions do not impair mating even in sexually-naïve males, provide evidence 
that olfactory input provides little contribution to chemosensory analysis of conspecific 
female signals in naïve male hamster with intact VNOs. However, we have not 
previously investigated the activation of inhibitory neurons specifically.  We also do not 
know whether there is significant input from olfactory system to the amygdala with 
mouse urine or other heterospecific stimuli. No other lab has investigated the activation 
of inhibitory neurons in the amygdala with vomeronasal or main olfactory input. I did not 
know if the activation of MeA by heterospecific stimuli was due to the projections to this 
nucleus from the olfactory amygdala.  There is no reason to propose a greater or equal 
activation of the main olfactory system (MOS) by heterospecific stimuli, but the 
possibility cannot be excluded on the basis of already available data.  

 
 
 

Methods 
 

 
Experimental Design 
 

In the following experiments, sexually naïve male hamsters were given nasal 
infusions of zinc sulfate to destroy the olfactory epithelium (OLFX), or control saline 
solution, and allowed to recover for 3 days; then exposed to many of the same 
conspecific and heterospecific stimuli as the intact animals. The numbers were, for 
OLFX animals: CS (n= 8), HVF (n=5), mFGS (n=7), fMU (5), mMU (n=7), and mCU 
(n=5). For saline animals: CS (n= 6), HVF (n=5), mFGS (n=5), fMU (n= 4), mMU (n=6), 
and mCU (n=5). Two additional tests were conducted in these animals: the food 
discrimination test (to test for anosmia) and a 5-minute mating test (to confirm that the 
VNO was intact). Both of these tests were given immediately before perfusion so the 
chemosensory stimulation during the test would not contribute to FRAs expression. 
Brain sections were processed for double-label fluorescent ICC. Two alternating 25 
micron sections were processed for FRAs and GABA and the two intervening sections 
were processed for FRAs and GABA-R (as in chapter 3 for intact males). My 
expectation was that I would see a decrease in FRAs expression in MeA due to the loss 
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of input from the main olfactory bulb and its projection areas to MeA. This slight 
decrease was described by (Fernandez-Fewell and Meredith, 1998) in mating animals 
after zinc sulfate treatment. Other than this decrease, I predicted that lesions of the 
MOE would have little effect on the pattern of MeA/ MeP FRAs expression, but would 
decrease FRAs expression in the main olfactory areas, anterior cortical nucleus (ACN) 
and piriform cortex (PC). 

An additional group of sexually naïve males had their vomeronasal organs 
removed (VNX). Seven days after surgery, VNX males were exposed to HVF (n=6), 
mFGS (n=3), mMU (n=4) or clean swabs (n=4) in the same manner as the intact, saline, 
and OLFX males (Chapter 3 and 4). I predicted that the naïve-VNX males would show 
reductions in MeA/MeP Fos expression, but had no information to make a prediction 
about how VNX would effect ICN. These males were given a mating test 5 minutes prior 
to perfusion so that the mating would not contribute to FRAs expression. I also 
predicted that there would be deficits in mating behavior (Fernandez-Fewell and 
Meredith, 1994). 
 
Vomeronasal Removal Surgery (VNX) 
 

  For all VNX animals, a midline incision through the palate exposed the bony VN 
capsules. The natural openings in the palatal bones were extended rostrally with a 
dental drill, and then a �U� shaped groove was made with the drill to connect the 2 
openings. Forceps were used to break the medial palatine process of the maxillary 
bones to disconnect the capsules at the caudal end. The capsules were then separated 
by pressing into the midline suture with a scalpel. The final, anterior, connection with the 
palate was broken by drilling rostro-dorsally on the midline anterior to the U-groove. 
Each capsule containing one VNO was then removed with small forceps separately.  
The palatal incision was closed with 3 to 5 sutures and sealed with cyanoacrylate 
adhesive. The noses of the VNX animals were collected and post-fixed separately and 
will be decalcified and sectioned for verification of complete VNO lesions.  
 
Zinc Sulfate Lesions 
 

Zinc sulfate solution was sprayed into each nostril from a modified syringe.  The 
spray needle was made from a 25-gauge hypodermic needle.  The tip was blunted and 
pinched into a narrow slit and the shaft bent into a curve so that liquid forced through 
the needle emerged in a narrow spray pattern, centered approximately 45 degrees from 
the angle of the syringe and needle shank.  Male hamsters were anesthetized with 
halothane and then placed prone on an inclined surface with the head down.  Five 
percent  zinc sulfate solution (0.17M) was drawn into a 1-ml syringe, the needle was 
inserted into one nostril and 0.1 ml of solution forcibly expelled with the slit directed 
dorsally towards the olfactory area. The procedure was repeated for the other nostril. 
The solution was then aspirated for approximately one minute with the animal held in a 
head down position, to suck up any solution draining toward the nostrils. Animals were 
allowed to recover for 3-5 days before testing for anosmia and stimulus exposure.  The 
noses of OLFX animals were collected and will be decalcified and sectioned for 
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verification of complete lesion at a later time. OLFX animals in these studies were 
instead tested based on  �behavioral� anosmia instead of histological damage to the 
epithelium. OLFX and saline males were food-deprived for 24-48 and then given a food 
discrimination test (described below). This test is a reliable measure of anosmia. I also 
conducted a mating test. In the absence of olfactory input, normal mating behavior is an 
indication that the VNO was not damaged by the Zinc sulfate.  
 
Food Discrimination Test 
 
  Three days after olfactory lesions (OLFX), animals were tested for their ability to 
detect food odor (O'Connell and Meredith, 1984a).  Prior to testing, male hamsters were 
food-deprived for 21 to 42 hours.  For testing male hamsters were placed in a 24X 16X 
30 cm high Plexiglass test chamber with two ports in the floor that were eight cm apart 
and 8 cm from each of the three nearest walls. Under one port was a beaker filled with 
food pellets, while under the other port was an identical beaker of corks of similar size to 
the food pellets (Figure 37). In order to avoid a place preference for one side of the 
chamber or another, a coin was flipped to determine which port that would have the 
food-pellets.  The time each animal spent sniffing and biting each port was recorded for 
3 minutes. To be sure the animals found both ports, they were required to spend at 
least two seconds at each and at least 9 seconds at the preferred port. If this criterion 
was not met, the animal was given another 3 minute test and results for the two tests 
were combined. An animal was considered anosmic if the time spent sniffing and biting 
at the food port was less than two times greater than at the other port.  All animals 
considered OLFX and included in these experiments were anosmic according to these 
criteria. The food discrimination test was conducted 20 minutes following exposure to 
the stimulus swab (10 minutes before perfusion) so that the test would not affect IEG 
expression. 
 
Mating Test 
 Directly following the food discrimination test (5 minutes before perfusion), male 
hamsters were tested in a five-minute mating test. The male hamster was placed in the 
cage of a receptive female. Various aspects of mating behavior were recorded from the  
exact time the male was released into the cage. The animal was observed and different 
aspects of male sexual behavior including mounts, thrusts, and intromissions were  
recorded on a keypad. This test was conducted 5 minutes before perfusion so that 
mating would not contribute to observable IEG expression.  
 

 
Results 

 

 
 There were no significant differences in FRAs expression in the vomeronasal 
projection areas (MeA and MeP) or in ICNc between males given intranasal infusions of 
saline (control) or zinc sulfate (OLFX). OLFX males did have less activation in main 
olfactory projection areas such as the anterior cortical nucleus (ACN) and piriform  
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Figure 37. Diagram showing Plexiglass apparatus used in the food discrimination test. 
Inability to discriminate odor of food from that of corks was the operational definition of 

�anosmia� in zinc-sulfate treated (OLFX) males. 
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cortex (PC) than intact males following exposure to the conspecific or heterospecific 
stimuli. Males with their vomeronasal organs removed (VNX) had a decreased level of 
FRAs expression than intact (or OLFX) males following exposure to stimuli in all 
vomeronasal projection areas. . 
   
Total FRAs Expression 
 

Total FRAs expression was not significantly different in the medial amygdala 
(MeA and MeP) or in caudal part of the medial intercalated nucleus (ICNc), cells in 
saline (control) versus zinc sulfate-infused (OLFX) males exposed to any of the 
conspecific or heterospecific chemosensory stimuli. Both groups showed the same 
pattern of  total FRAs responses that I saw in intact males: Both conspecific and 
heterospecific stimuli increased FRAs expression in the MeA; only conspecific stimuli 
increased FRAs expression in the MeP.  Males exposed to heterospecific stimuli had  
increased FRAs in the ICNc. To investigate total FRAs expression, I averaged total 
FRAs in 4 sections through each anatomical nucleus, as in chapter 3. In each section, 
total FRAs was the total number of cells with FRAs immunoreactivity within the nucleus 
in the sections counted, regardless of the phenotype of the cell. Data were analyzed by 
two-way ANOVA for each brain area. 
 
Anterior Medial Amygdala (MeA) 
 

There was a small, but, significant decrease in FRAs activation in OLFX males 
similar to the decrease seen after OLFX in a previous study from our lab (Fernandez-
Fewell and Meredith, 1998), reflecting the small contribution from the main olfactory 
bulb. Responses to all of the stimuli were the same in intact males. Both conspecific 
and heterospecific stimuli activated MeA. Figure 38 shows a diagram of the amygdaloid 
areas that I analyzed at the rostrocaudal level of MeA. Figure 39 shows FRAs 
expression after exposure to chemosensory stimuli in males with olfactory lesions 
(OLFX) and in saline treated controls. 

 
Statistical analysis: I used a two-way analysis of variance (ANOVA) comparing 

the factors �Treatment� (OLFX or Saline) and �Exposure� (HVF, mFGS, fMU, mMU, and 
mCU).  There was an overall effect of Treatment (p< 0.001, F= 28.228, df= 1, 50) such 
that FRAs expression was significantly less with OLFX treatment than with saline. There 
was also an overall of effect of Exposure (p< 0.001, F= 7.074, df= 5, 50), but no 
interaction between surgery and exposure. These data indicate that the different effects 
of exposures on FRAs expression in MeA did not depend on whether the animal was 
OLFX or control. Tukey post-hoc tests revealed that, although there was an overall  
effect of surgery, there were no significant differences between OLFX and saline-treated 
males within individual exposure groups. Tukey post-hoc tests also revealed exposure 
to all of the chemosensory stimuli significantly increased FRAs expression above clean 
swab control in both OLFX and saline-treated males (p< 0.001 for all). Asterisks on the 
graph in  39 indicate that FRAs expression was significantly greater than clean swab 
controls. 
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Figure 38.  Schematic drawing of a coronal section at the level of the anterior 

medial amygdala (MeA). Arrows point to areas that receive input from the 
vomeronasal system- MeA; an area that gets input from the main olfactory bulb- 
anterior cortical nucleus (ACN); as well as two areas involved in the fear 
conditioning circuit- Rostral medial intercalated nucleus (ICNr) and the central 
nucleus (CeA). Modified from Morin and Wood, 1991. 
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Figure 39. Total FRAs expression in the anterior medial amygdala (MeA) of saline 

control (black bars) and OLFX (red bars) males exposed to conspecific vs. 
heterospecific chemosensory stimuli. Overall, there was a significant decrease in 
FRAs in OLFX males, but the difference was not confined to one exposure group. 
In both groups, there was  increased FRAs in MeA with all of the chemosensory 
stimuli regardless of the species of the stimulus source and regardless of the nasal 
treatment. Asterisks on the graph indicate that exposure within a treatment is 
significantly greater than clean swab controls (Tukey post-hoc test, p< 0.001 for all).
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Posterior Medial Amygdala (MeP) 
 

There was a small non-significant decrease with OLFX treatment. For the 
response to mFGS, the difference between OLFX and saline-treated groups was 
significant, but the overall pattern of response across stimuli was unchanged. For other 
exposure groups there were no significant differences between OLFX and saline-treated 
animals. Only the conspecific stimuli activated MeP. Figure 40 shows a diagram of the 
amygdaloid areas analyzed at the rostrocaudal level of MeP. Figure 41 is a diagram of 
the brain areas FRAs expression with stimulation in olfactory lesioned (OLFX) and in 
saline-treated controls. 

 
Statistical Analysis: I used a two-way analysis of variance (ANOVA) comparing 

the factors �Treatment� (OLFX or Saline) and �Exposure� (HVF, mFGS, fMU, mMU, and 
mCU).  There was no overall effect of Treatment and no interaction, but there was an 
overall effect of Exposure (p< 0.001, F= 54.445, df= 5, 50). Tukey post-hoc tests 
revealed that exposure to conspecific chemosensory stimuli (only) produced 
significantly greater FRAs expression than exposure to the clean swabs (control) in both 
saline and OLFX males, as follows: HVF (p< 0.001 for both OLFX and saline) and 
mFGS (p< 0.001 for saline and p= 0.03 for OLFX).  These significant differences are 
indicated by asterisks on the graph in Figure 41. None of the males exposed to 
heterospecific stimuli (fMU, mMU, and mCU) had significant FRAs activation in MeP. 
There was a significant decrease in FRAs with OLFX in males exposed to mFGS (p= 
0.001). This difference is indicated by the letter �a� on the graph in Figure 41. 
 
Caudal Intercalated Nucleus (ICNc) 
 

 Figure 40 shows the location of mICNc (also referred to as ICNc). Figure 42 
shows FRAs expression in mICNc in OLFX and saline-treated males exposed to various 
stimuli. There was no significant effect of Zinc-sulfate anosmia. 
 

Statistical Analysis: I used a two-way analysis of variance (ANOVA) comparing 
the factors �Treatment� (OLFX or Saline) and �Exposure� (HVF, mFGS, fMU, mMU, and 
mCU).  There was no overall effect of Treatment and no interaction, but there was an 
overall effect of Exposure (p< 0.001, F= 33.389, df= 5, 50), Tukey post-hoc tests 
revealed that exposure to heterospecific chemosensory stimuli produced significantly 
greater FRAs expression in the inhibitory ICNc than exposure to the clean swabs, in 
both saline control and OLFX males: fMU (p< 0.003), mMU (p< 0.001), and mCU (p< 
0.001). Among conspecific stimuli, none of the males that were exposed to HVF had 
significant FRAs activation in the ICNc.  In fact, total FRAs expression was significantly 
less in ICNc in both saline and OLFX males exposed to HVF than in males exposed to 
clean swabs (p< 0.001). 
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Figure 40.  Schematic drawing of a coronal section at the level of the posterior 
medial amygdala (MeP). Arrows point to areas that get input from the vomeronasal 
organ- MeP; areas that get input from the main olfactory bulb- Piriform cortex (PC) 
and anterior cortical nucleus (ACN); as well as the two areas involved in the fear 
conditioning circuit- Caudal medial intercalated nucleus (ICNc) and the central 
nucleus (CeA). 
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Figure 41. Total FRAs expression in the posterior medial amygdala (MeP) of 
control (black bars) vs. olfactory lesioned  (OLFX; red bars) males exposed to 
conspecific vs. heterospecific chemosensory stimuli. FRAs expression in the MeP 
of saline versus zinc sulfate-infused animals was not significantly different. Both 
groups exposed to conspecific stimuli had significantly more increased FRAs in the 
MeP than with clean swab controls. Asterisk on the graph indicate these significant 
differences.  
 
Exposure to heterospecific stimuli did not significantly activate MeP. There was 
significantly more FRAs with exposure to mFGS in saline vs. OLFX males. This 
difference is indicated by the letter �a� on the graph. 
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Caudal intercalated nucleus (ICNc)
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Figure 42. Total FRAs expression in the caudal intercalated nucleus (ICNc)  of 
control (black bars) vs. OLFX (red bars) males exposed to conspecific vs. 
heterospecific chemosensory stimuli. There was no decrease in FRAs expression 
with olfactory lesions. Exposure to heterospecific stimuli activated FRAs in the ICNc 
in both OLFX and saline treated males. A conspecific stimulus, male FGS also 
significantly activated ICNc. Asterisks on the graph indicate that FRAs expression is 
greater than with clean swab controls. Exposure to HVF significantly lowered FRAs 
expression in mICNc compared to clean swab controls (not indicated on the graph).
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Anterior Cortical Nucleus (ACN) 
 

 FRAs expression in ACN was significantly decreased in OLFX versus saline 
treated males. The ACN is part of the �olfactory� amygdala and does not get input from 
the AOB. In this region, there was significant (probably olfactory) activation with most of 
the stimuli in saline-treated male, but not in OLFX males. A significant reduction in 
baseline expression in OLFX males with clean swab indicates a high background 
olfactory input. Figure 38 shows the location of the ACN at the level of MeA. Figure 43 
shows FRAs expression in ACN. 
 

Statistical Analysis: I used a two-way analysis of variance (ANOVA) comparing 
the factors �Treatment� (OLFX or Saline) and �Exposure� (HVF, mFGS, fMU, mMU, and 
mCU).  There was an overall effect of both Treatment (p< 0.001, F= 16.389, df= 1, 50) 
and Exposure (p< 0.001, F= 573.789, df= 5, 50), and a significant interaction (p< 0.001, 
F= 7.739, df= 5, 50). Tukey post-hoc tests revealed that OLFX males in all exposure 
groups had significantly less FRAs expression than saline-treated controls (p< 0.001 for 
all groups). To determine which chemosensory stimuli were different from clean swab 
controls, separate Tukey post-hoc tests for OLFX and saline were examined because 
the two groups were significantly different for every exposure. For saline treated 
controls: all of the stimuli except mCU elicited significantly greater FRAs expression 
than clean swab controls (p<0.001 for all) . For OLFX, only exposure to the conspecific 
stimulus, mFGS (p< 0.001) significantly activated the ACN above clean swab controls.  

 
 
Piriform Cortex (PC) 
 
 There were significant reductions in FRAs expression in the piriform cortex, an 
area of the brain that gets input from the main, but not accessory olfactory bulb.  Most 
stimuli did not elicit significant FRAs activation in saline-treated animals because a high 
background expression results from the animals� exposure to the unfamiliar (clean) 
cage. This high FRAs expression, probably due to olfactory cues from the �clean� cage, 
was significantly reduced in males with olfactory lesions. Figures 38 and 40 show the 
location of piriform cortex. Figure 44 shows a significant reduction in FRAs expression 
in response to each stimulus. 
 

Statistical Analysis: I used a two-way analysis of variance (ANOVA) comparing 
the factors �Treatment� (OLFX or Saline) and �Exposure� (HVF, mFGS, fMU, mMU, and 
mCU).  There was an overall effect of Treatment (p< 0.001, F= 463.985, df= 1, 50) such 
that FRAs expression in PC was significantly less in OLFX males versus saline control 
males. There was no overall of effect of Exposure, but there was a significant 
interaction. Tukey post-hoc tests revealed that FRAs expression in PC was greater in 
saline control males than OLFX males in every exposure group (p< 0.001 for all 
groups). This difference is not indicated on the graph. HVF exposure in saline treated 
males did significantly increase FRAs expression above clean swab controls and this 
difference is indicated by an asterisk on the graph in Figure 44. 
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Figure 43 Total FRAs expression in the anterior cortical nucleus of the amygdala 

(ACN) of OLFX (red bars) vs. saline treated males exposed to conspecific vs. 
heterospecific stimuli. The ACN receives input from the main, but not the accessory 
olfactory bulb.  
 
Activation in the ACN was significantly decreased in OLFX males with all of 
the stimuli, including clean swabs.  

 
Both conspecific and heterospecific chemosensory stimuli activated the ACN above 
clean swab controls (except mCU).  Asterisks indicate significant differences from 
clean swab control. 
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Figure 44. Total FRAs expression in the Piriform cortex (PC) of OLFX (red bars) 

and saline treated (black bars) males exposed to conspecific vs. heterospecific 
stimuli.   
 
The PC receives input from the main olfactory bulb, but not the accessory olfactory 
bulb. FRAs expression was quite high in the PC after exposure to a clean swab.  
This increased FRAs expression, probably due to olfactory cues from the �clean� 
cage, was significantly reduced in males with olfactory lesions, with clean swab 
exposure as well as with exposure to all stimuli (conspecific and heterospecific).  
 
Because of the high baseline FRAs expression, only HVF significantly activated the 
PC above clean swab controls. This significant activation is indicated by an asterisk 
on the graph. 
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GABA + FRAs 

 
Overview 
 

There were no additional differences between OLFX and saline-treated males to 
be found in the detailed analysis of GABA (+) and GABA (-) cell responses in any brain 
area. The pattern of FRAs activation of GABA immunoreactive (+) or non-GABA 
immunoreactive (-) cells was similar, for both OLFX and saline-treated males, to the 
pattern described for intact males in chapter 3, with only minor differences in which 
comparisons achieved significance. These differences between responses in intact, 
saline-treated or OLFX males are pooled in the descriptions of results for each area and 
if of importance for interpretation, discussed in the chapter discussion. I conducted 4 
statistical tests (described below) to accomplish two goals. First, I wanted to determine 
if loss of main olfactory input resulting from zinc-sulfate lesions of the main olfactory 
epithelium (MOE) would change the responses to chemosensory stimuli in the different 
populations of cells (within different phenotypes) in MeA, MeP, ICNc, ACN and PC. I 
compared FRAs expression in saline-treated and OLFX males across exposures, 
separately for GABA (+) cells and for GABA (-) cells. The second goal was to look at 
differences in the pattern of GABA (+) and GABA (-) activation with different exposures 
in each treatment group independently. For this comparison, saline and OLFX groups 
were investigated independently.  

 
Statistical Tests Used  
 
 I conducted four separate ANOVAs for each brain area that I investigated.  First I 
compared FRAs expression in OLFX versus saline treated males in a two-way ANOVA 
comparing the factors �Treatment� (OLFX or saline) and �Exposure� (CS, HVF, fFGS, 
fMU, mMU, and mCU) in separate tests of each population of cells. Test-1(GABA (+) 
and GABA (-)) compared saline and OLFX responses to different �Exposures� within the  
FRAs activated, but not GABA immunoreactive (-) population of cells. Test-2 compared 
the same factors for the FRAs activated and GABA immunoreactive (+) population of 
cells.  

The other two ANOVAs were conducted to analyze the differences between 
FRAs activation of GABA (+) cells versus FRAs activation of GABA (-) cells. For this 
comparison, two additional test were run. In this case, I used two-way repeated 
measures ANOVA tests. Test 3 compared the factors �Phenotype� GABA (+) or GABA 
(-) and �Exposure� (HVF, mFGS, fMU, mMU, mCU, and CS) within saline-infused 
males. Test 4 compared the same factors within OLFX males.   
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Anterior Medial Amygdala (MeA) 
 

There were no significant differences in FRAs expression between OLFX and 
saline-treated males (see Figure 45), in either population of cells, GABA (+) or GABA (-
).  In intact males (chapter 3), HVF activated more GABA (-) cells than clean swab 
controls. Here, HVF exposure in both saline and OLFX males also elicited greater FRAs 
expression in GABA (-) cells than in GABA (+) cells. In intact males, mMU activation 
was higher in GABA (+) cells. In both saline and OLFX, there was also significant 
activation of GABA (+) cells with mMU here, but the other heterospecific stimulus, fMU,  
also significantly activated this population of cells, as did a conspecific stimulus , mFGS. 
These two responses did not reach significance in the experiments with intact males 
(chapter 3).  See Figure 45. 

 
Statistical Analysis: 

 
Two-way ANOVAs comparing �Treatment� and �Exposure� (MeA) 

1. Within GABA (-) cells: There was a significant main effect of exposure (p=0.01, 
F= 3.379, df= 5, 50), but not of treatment and there was no significant 
interaction. Exposure: Tukey post-hoc tests revealed that for both saline and 
OLFX, HVF and fMU activated significantly more FRAs in GABA (-) than clean 
swab controls (p< 0.001).  

2. Within GABA (+) cells: There was a significant main effect of both treatment (p= 
0.005, F= 8.481, df= 1, 50) and exposure (p< 0.001, F= 24.364, df= 5, 50), but 
no significant interaction. Even though there was a decrease in FRAs activation 
in GABA (+) cells of OLFX males, there were no significant differences in 
individual groups. Exposure: Tukey post-hoc tests revealed that within both 

saline and OLFX-treatment groups, several stimuli elicited more FRAs 
activation in GABA (+) cells than clean swab controls. Those stimuli include: 
fMU (p< 0.001, for both saline and OLFX), mMU (p< 0.001, for both saline and 
OLFX), mFGS (p< 0.001 for both saline and OLFX), and mCU (p< 0.001for both 
saline and OLFX). 

 
 
Two-way RM ANOVAs comparing �Phenotype� and �Exposure� (MeA) 

3. With saline-infused controls, there was a significant overall effect of exposure (p< 
0.001, F= 21.871, df= 5, 16) and �phenotype� (p< 0.001, F= 39.808, df= 1, 16), 
but no significant interaction.  Phenotype: Tukey post-hoc tests revealed 
significantly more FRAs activation in GABA (+) cells than in GABA(-) cells, in 
males exposed to mFGS (p= 0.015), fMU (p< 0.001), and mMU (p= 0.007). 
HVF activated significantly more GABA (-) cells (p=0.007).  

4. Within Zinc Sulfate infused (OLFX) males, activation of GABA (+) and GABA (-) 
cells was not different from that in saline-treated males. There was a significant 
overall effect of exposure (p< 0.001, F= 17.200, df= 5, 34) and cell phenotype 
(p< 0.001, F= 18.208, df= 1, 34), but no significant interaction.  Phenotype: 

Tukey post-hoc tests revealed significantly more FRAs activation in GABA (+)  
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Figure 45. Fos-related antigen (FRAs) expression in GABA (+) neurons in MeA.  There were no 
significant differences between OLFX and saline-treated males. Within each treatment group, 
there were significant differences in FRAs activation in GABA (+) and GABA (-) cells. Asterisks 
on the graph indicate that FRAs expression was significantly greater than clean swab control for 
that phenotype of cells. The letter �a� indicates significant differences in FRAs activation of one 
population of cells versus another (p< 0.05; Tukey post-hoc test in a two-way RM ANOVA of 
each Treatment group). 
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cells versus FRAs activation in GABA (-) cells in males exposed to mFGS (p= 0.02), 
fMU (p= 0.04), and mMU (p= 0.014). HVF activated significantly more GABA (-) cells 
(p<0.001).  

 
Posterior medial amygdala (MeP) 
 

FRAs expression was not different between saline-treated and OLFX males in 
either GABA (+) or GABA (-) cells. In intact males, there was significant activation of 
GABA (+) cells in males exposed to mFGS. Here, in both OLFX and saline treated 
males, there was also  more FRAs activation of GABA (+) cells versus GABA (-) cells in 
males exposed to mFGS.  Here, both saline and OLFX males exposed to HVF also had 
significantly more FRAs activation of GABA (-) cells. In intact males (chapter 3), HVF  
significantly activated GABA (-) cells and not GABA (+) cells compared to clean-swab 
controls, but the difference between GABA (+) and GABA (-) activation did not reach 
significance. See Figure 46. 

 
Statistical Analysis: 

 
Two-way ANOVAs comparing �Treatment� and �Exposure� (MeP) 

 

1. Within GABA (+) cells: There was a significant main effect of exposure (p=0.01, 
F= 21.370, df= 5, 50), but not Treatment. There was no significant interaction. 
Exposure: Tukey post-hoc tests revealed differences between FRAs 
expression in stimulated vs. control males. For both OLFX and saline-treated 
males, mFGS (p< 0.001 for both) elicited significantly more FRAs activation of  
GABA (+) cells. 

2. Within GABA (-) cells: There was a significant main effect of exposure (p< 0.001, 
F= 24.364, df= 5, 50), but not of Treatment, and no significant interaction. 
Exposure: Tukey post-hoc tests revealed differences between FRAs 
expression in stimulated vs. control males. For both OLFX and saline-treated 
males, exposure to HVF (p< 0.001 for both) and mFGS (p< 0.001 for both) 
elicited significantly more FRAs activation of  GABA (+) cells. 

 
Two-way RM ANOVAs comparing �Phenotype� and �Exposure� (MeP) 

 
3. Within saline-infused controls, there was a significant overall (main) effect of 

exposure (p< 0.001, F= 26.527, df= 5, 16) and a significant interaction (p< 
0.001, 45.082, df= 1, 16). There was no significant overall effect of cell 
phenotype.  Phenotype: Tukey post-hoc tests revealed significantly more FRAs 
activation of GABA (+) cells  versus GABA (-) cells in males exposed to mFGS 
(p< 0.001). With HVF exposure, significantly more activated cells were GABA (-
) (p= 0.02). As with intact males, there was no significant activation of either 
phenotype by heterospecific stimuli.  

4. Within  Zinc sulfate-infused males (OLFX), activation of GABA (+) and GABA (-)  
cells was not different from that in saline-treated controls. There was a  
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Figure 46. Fos-related antigen (FRAs) expression in GABA (+) neurons in MeP.  There were no 

significant differences between OLFX and saline treated males. Within each treatment group, 
there were significant differences in FRAs activation in GABA (+) and GABA (-) cells. Asterisks 
on the graph indicate that FRAs expression was significantly greater than clean swab control for 
that phenotype of cells. The letter �a� indicates significant differences in FRAs activation of one 
population of cells versus another (p< 0.05; Tukey post-hoc test in a two-way RM ANOVA of 
each Treatment group). 
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significant overall effect of exposure (p< 0.001, F= 35.091, df= 5, 34) and a 
significant interaction (p< 0.001, F= 18.272, df= 1, 34).  Phenotype: Tukey post-hoc 

tests revealed significantly more FRAs activation of GABA (+) cells versus GABA (-) 
cells in males exposed to mFGS ( p< 0.001).   With HVF exposure, more activated 
cells were GABA (-) (p= 0.03). 

 
Caudal intercalated nucleus 
 

 Saline-treated and OLFX males were not significantly different (Figure 45). In 
intact males (chapter 3), exposure to the heterospecific stimuli (fMU and mMU) and one 
conspecific stimulus (mFGS) produced increased FRAs activation in GABA (+) cells 
more than in GABA (-) cells, in ICNc. Here, both saline and OLFX treated groups also 
showed significantly more activation of GABA (+) cells after exposure to these same 
stimuli. I tested an additional stimulus in this chapter, mCU, which also significantly 
activated GABA (+) cells, more than GABA (-), in ICNc. See Figure 47. 
 

Statistical Analysis: 
 

Two-way ANOVAs comparing �Treatment� and �Exposure� (ICN)  
 

1. Within GABA (+) cells: There was a significant main effect of exposure (p=0.01, 
F= 21.370, df= 5, 50), but not treatment. There were no significant interactions. 
Exposure: Tukey post-hoc tests revealed that within OLFX and saline-exposed 
males, no groups were significantly different than clean swab controls.  

2. Within GABA (-) cells: There were not significant differences between 
�Treatment� or �Exposure� and no interaction. 

 
Two-way RM ANOVAs comparing �Phenotype� and �Exposure� (ICN) 
 
3. Within saline-infused controls, there was a significant overall effect of exposure 

(p< 0.001, F= 99.9, df= 1, 50) and a significant overall effect of �phenotype� (p< 
0.001, F= 49.323, df= 1, 50), as well as a significant interaction (p< 0.001, F= 
8.899, df= 5, 34). Phenotype: Tukey post-hoc tests revealed that there was 
significantly more FRAs activation of GABA (+) cells than GABA (-) cells with 
clean swabs ( p= 0.015), mFGS (p= 0.049), fMU (p= 0.004), mMU (p= 0.009), 
and mCU (p< 0.001). As in intact males, HVF significantly suppressed FRAs 
activation in GABA (+) cells compared to clean swab controls. 

4. Within Zinc-Sulfate infused (OLFX) males, there were no differences in relative 
activation of GABA (+) and GABA (-) cells. There was a significant overall effect 
of exposure (p< 0.001, F= 11.679, df = 1, 34), a significant overall effect of 
�phenotype� (p< 0.001, F= 162.633, df= 1, 34), as well as a significant 
interaction (p< 0.001, F= 5.911, df= 1, 34). Phenotype: Tukey post-hoc tests 

revealed significantly more FRAs activation of GABA (+) cells than GABA (-) 
cells in males exposed  to clean swabs (p< 0.001), mFGS (p< 0.001), fMU (p<  



 112

 
 

0

20

40

60

80

m
e
a
n

 #
 o

f 
-I

R
 c

e
ll
s

0

20

40

60

80

FRAs+ 

FRAs+/ GABA+ 

Saline OLFX

A. Control B. Conspecific

Saline OLFX

Female HVF

Saline OLFX

Male FGSClean swab

C. Heterospecific

Saline OLFXSaline OLFXSaline OLFX

Male
mouse urine

Male cat
urine

Female
mouse urine

m
e
a
n

 #
 o

f 
-I

R
 c

e
ll
s

m
e

a
n

 #
 o

f 
-I

R
 c

e
ll
s

0

20

40

60

80

Caudal Intercalated Nucleus (ICNc)
OLFX and Saline were not different

a
a

a

a a a

a

a

 
 

 
Figure 47. Fos-related antigen (FRAs) expression in GABA (+) neurons in the medial ICNc.  

There were no significant differences between OLFX and saline-treated males. Within each 
treatment group, there were significant differences in FRAs activation in GABA (+) and GABA (-) 
cells. The letter �a�  indicates significant differences in FRAs activation of one population of cells 
versus another (p< 0.05; Tukey post-hoc test in a two-way RM ANOVA of each Treatment 
group). 
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0.001), mMU ( p< 0.001), and mCU ( p< 0.001). As in intact males, HVF significantly 
suppressed activation of GABA (+) (and GABA (-)) cells in ICN. 

 
Anterior Cortical Nucleus (ACN) 
 
 In contrast to the medial amygdala, the ACN does not get chemosensory input 
from the accessory olfactory bulb. The ACN is part of the �olfactory amygdala� and 
receives input from the main olfactory bulb, but and does project to MeA. Here, there 
were significant differences in FRAs responses in OLFX and saline-treated males 
(Figure 48). Zinc-sulfate lesions (OLFX) significantly reduced FRAs expression in both 
GABA (+) and GABA (-) cells for all exposures and eliminated responses to 
chemosensory input that were seen in saline-treated males. See Figure 48. 
 

Statistical Analysis: 
 

Two-way ANOVAs comparing �Treatment� and �Exposure� (ACN) 
 

1. Within GABA (+) cells: There were significant main effects of exposure (p< 0.001, 
F= 13.669, df= 5, 50) and treatment (p< 0.001, F= 312.902, df= 1, 50) as well 
as a significant interaction (p< 0.001, F= 8.284, df= 5, 50). Treatment: Tukey 

post-hoc tests revealed that FRAs expression in saline treated males was 
significantly greater than in OLFX males in all exposure groups (p< 0.001 for 
all). Exposure: For saline-treated males, exposure to fMU and mCU (p< 0.001 
for both) elicited more FRAs activation in GABA (+) cells than clean swab 
controls. For OLFX no groups were greater than clean swab controls. 

2. Within GABA (-) cells: There were significant main effects of exposure (p< 0.001, 
F= 12.914, df= 5, 50) and treatment (p< 0.001, F=129.372, df= 1, 50) as well as 
a significant interaction (p< 0.001, F= 15.370, df= 5, 50).  Treatment: Tukey 

post-hoc tests revealed that FRAs expression was greater in saline treated than 
in OLFX males exposed to all of the stimuli: CS (p= 0.045),HVF (p= 0.007), 
mFGS (p< 0.001), fMU (p<0.001), mMU (p= 0.017), and mCU (p< 0.001). 
Exposure:  For saline-treated males, exposure to mFGS (p= 0.004)  and mMU 

(p< 0.001)elicited more FRAs activation of GABA (-) cells than exposure to 
clean swabs. None of the OLFX males were different than clean swab control. 

 
Two-way RM ANOVAs comparing �Phenotype� and �Exposure� 

 
3. Within saline treated controls, there was a significant overall effect of exposure 

(p= 0.003, F=5.989, df= 5, 16), a significant overall effect of �phenotype� (p< 
0.001, F= 84.834, df= 1, 16), as well as a significant interaction (p< 0.001, F= 
10.229, df= 5, 16). Phenotype: Tukey post-hoc tests revealed significantly 
more FRAs activation of GABA (-) cells versus GABA (+) cells in males 
exposed to HVF (p< 0.001), male FGS (p< 0.001), and mMU (p< 0.001).  

4. Within Zinc-Sulfate infused (OLFX) males, there was a significant overall effect of 
exposure (p< 0.001, F=20.469, df= 5, 34), a significant overall effect of  
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Figure 48. Fos-related antigen (FRAs) expression in GABA (+) neurons in the anterior cortical 

nucleus (ACN).  FRAs expression in saline-treated males was significantly greater than in OLFX 
males in each exposure group for both populations of cells. This difference is not indicated on 
the graph. Within each treatment group, there were significant differences in FRAs activation  in 
GABA (+) and GABA (-) cells. Asterisks on the graph indicate that FRAs expression was 
significantly greater than clean swab control for that phenotype of cells. The letter �a� indicates 
significant differences in FRAs activation of one population of cells versus another (p< 0.05; 
Tukey post-hoc test in a two-way RM ANOVA of each Treatment group). 
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�phenotype� (p= 0.17, F= 6.339, df= 1, 34), as well as a significant interaction (p< 
0.001, F= 5.975, df= 5, 34). Phenotype: Tukey post-hoc tests revealed significantly 

more FRAs activation of GABA (-) cells versus GABA (+) cells in males exposed to 
HVF (p< 0.001), male FGS (p< 0.001), and mMU (p< 0.001).  

 
Piriform cortex (PC) 
 

The piriform cortex also does not get input from the accessory olfactory bulb, but 
does get input from main olfactory bulb and has projections to medial amygdala. Here, 
zinc sulfate lesions of the MOE reduced FRAs expression to near zero in males 
exposed to all of the stimuli, including clean swabs (Fig.48). There was high baseline 
FRAs expression in PC, probably due to odors in the �clean� cage used for testing. This 
baseline level was so high, in saline males, that only HVF significantly activated total 
FRAs in the PC above the level in clean swab controls (Figure 44). When each 
phenotype was looked at individually, several other stimuli groups elicited significantly 
greater FRAs expression (See Figure 49). 

 
Statistical Analysis: 

 
Two-way ANOVAs comparing �Treatment� and �Exposure� (PC) 

 
1. Within GABA (+) cells: There were significant main effects of exposure (p< 0.001, 

F= 11.618, df= 5, 50) and treatment (p< 0.001, F=401.720, df= 1, 50) as well as 
a significant interaction (p< 0.001, F= 12.937, df= 5, 50). Treatment: Tukey 

post-hoc tests revealed that FRAs expression in saline treated males was 
significantly greater than in OLFX males in all exposure groups (p< 0.001 for 
all). Exposure: For saline-treated males and OLFX males, no exposure elicited 
greater FRAs expression than clean swab. 

2. Within GABA (-) cells: There were significant main effects of exposure (p= 0.01, 
F= 3.420, df= 5, 50) and treatment (p< 0.001, F=93.708, df= 1, 50) as well as a 
significant interaction (p< 0.001, F= 5.725, df= 5, 50). Treatment: Tukey post-
hoc tests revealed that FRAs expression in saline treated males was 
significantly greater than in OLFX males in all exposure groups (p< 0.001 for 
all). Exposure: For saline-treated males and OLFX males, no exposure elicited 

greater FRAs expression than clean swab. 
 
Two-way RM ANOVAs comparing �Phenotype� and �Exposure� (PC) 

 

3. Within saline-treated controls, there was a significant overall effect of exposure 
(p< 0.001, F=18.317, df= 5, 16) and a significant overall effect of �phenotype� 
(p< 0.001, F= 102.72, df= 1, 16), but no significant interaction. Phenotype: 
Tukey post-hoc tests revealed significantly more FRAs activation of GABA (-) 
cells versus GABA (+) cells in males exposed to HVF (p< 0.001), male FGS (p< 
0.001), fMU (p< 0.001), mMU (p< 0.001), and mCU (p< 0.008).  
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Figure 49. Fos-related antigen (FRAs) expression in GABA (+) neurons in the Piriform Cortex 
(PC).  FRAs expression in saline-treated males was significantly greater than in OLFX males in 
each exposure group for both populations of cells. This difference was not indicated on the 
graph. Within each treatment group, there were significant differences in FRAs activation in 
GABA (+) and GABA (-) cells. Asterisks on the graph indicate that FRAs expression is 
significantly greater than clean swab control for that phenotype of cells. The letter �a� indicates 
significant differences in FRAs activation of one population of cells versus another (p< 0.05; 
Tukey post-hoc test in a two-way RM ANOVA of each Treatment group). 
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Within Zinc-Sulfate infused (OLFX) males,  there was no significant activation of 
either GABA (-) or GABA (+) cells in the Piriform cortex.  

 
 

GABAa-Receptor + FRAs 
 
Overview 
 

There were no additional differences between OLFX and saline-treated males to 
be found in the additional analysis of GABA-R (-) and GABA-R (+) cells in any brain 
area. In addition, details of activation of GABA-R (+) and GABA-R (-)  cells by different  
stimuli were generally similar in the saline-treated males as in intact males. As with 
intact males, there were no significant differences in FRAs activation of GABA-R (+) 
cells in MeA of saline or OLFX males exposed to conspecific or heterospecific stimuli. In 
MeP, intact males exposed to heterospecific stimuli had significantly less FRAs 
activation of  GABA-R (+) cells than control and significantly greater suppression of 
FRAs in GABA-R (+) cells than in GABA-R (-) cells (chapter 3). In contrast, males 
exposed to conspecific stimuli had significant  activation of  many GABA-R (+) cells in  
MeP. These same relationships hold for saline-treated and OLFX males, indicating that 
main olfactory input is not responsible for inhibition in MeP (Data not shown here). 
 
Statistical Analysis 
 

Data were normalized for total # of GABA-R (+) cells as described for intact 
males in chapter 3. Normalized data were analyzed using separate two-way repeated 
measures (RM) ANOVAs for each brain area (MeA and MeP).  I compared the factors 
�Treatment� (saline or OLFX) and �Exposure� within each population of cells, GABA-R 
(+) and GABA-R (-) to look at differences between OLFX and saline activation of GABA-
R (+) cells. There were no significant differences between OLFX and saline for MeA or 
MeP in either population of cells. I also conducted two-way RM ANOVAs to compare 
the factors �phenotype of activated cells� (GABAa-Receptor (+) or GABAa-Receptor (-)) 
and �stimulus exposure� (HVF, mFGS, mMU, fMU, and CS).   

A third two-way RM ANOVA test for saline or OLFX was used to confirm 
evidence for GABA inhibition in MeP. It compared relative activation of GABA-R (+) and 
GABA-R (-) for heterospecific stimuli  and clean swab control exposures. This additional 
two-way ANOVA compared phenotype (GABA-R (+) or GABA-R (-)) and stimulus 
exposure (fMU, mMU, and CS). FRAs expression in GABA (+) and GABA (-)  cells was 
almost identical for the two heterospecific stimuli. Thus, a significant interaction term in 
this test indicates a significant different between heterospecific stimuli and clean swab 
controls in the effect of exposure on the two phenotypes. A greater suppression of 
GABA-R (+) cells than GABA-R (-) cells would be expected if there were GABA 
inhibition of MeP. These tests are described for each area below. 
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Anterior medial amygdala (MeA) 
 

 As with intact males, there were no significant differences in the pattern of FRAs 
expression in GABA-R (+) and GABA (-) cells in MeA between in either OLFX or saline-
treated males, suggesting that main olfactory input had no influence on FRAs 
expression within MeA and did not account for patterns of activation in MeP (see 
discussion). There were no significant differences related to cell phenotype or 
�Treatment� in this brain area. 

 
Posterior medial amygdala (MeP) 
 
 As with intact males, all conspecific stimuli significantly activated MeP in both 
saline treated and OLFX males. There were no differences between saline treated and 
OLFX males in the activation of GABA-R (+) or GABA-R (-) cells. Heterospecific stimuli 
significantly suppressed GABA-R (+) cells compared to clean swab controls and to a 
greater degree than GABA-R (-) cells. 
 

Two-way ANOVAs comparing �Treatment� and �Exposure�  
 

1. Within GABA (+) cells: There was a significant main effect of exposure (p< 0.001, 
F= 21.234, df= 5, 50) , but not treatment; saline treated and OLFX males were 
not different. 

2.  Within GABA (-) cells: There was a significant main effect of exposure (p= 0.001, 
F= 19.431, df= 5, 50), but not treatment . Saline treated and OLFX males were 
not different. 

 
Two-way RM ANOVAs comparing �Phenotype� and �Exposure� 

 

3. Within saline-treated controls, there were significant main effects of phenotype 
(p< 0.001, F= 237.07, df= 1, 25) and exposure (p< 0.001, F= 31.534, df= 5, 50) 
and a significant interaction (p< 0.001, F= 22.025, df= 5, 25) . In males exposed 
to conspecific stimuli, there was significant activation of both phenotypes of cells. 
Exposure: Tukey post-hoc test revealed that males exposed to heterospecific 
stimuli had significantly less FRAs activation of GABA-R (+) in MeP than in clean 
swab controls. Importantly, the suppression of GABA-R (+) cells (compared to 
CS) was greater than the suppression (compared to CS) of GABA-R (-) cells. 
Phenotype: Tukey post-hoc tests revealed that exposure to HVF (p<0.001)and 
mFGS (p< 0.001) elicited significantly more FRAs activation of GABA-R (+) cells 
than CS control. The heterospecific stimuli, fMU (p< 0.001), mMU (p= 0.001), 
and mCU (p< 0.001) elicited more activation of GABA-R (-) cells than CS. 

4. Within zinc-sulfate (OLFX) males, there were significant main effects of 
phenotype (p< 0.001, F= 237.07, df= 1, 25) and exposure (p< 0.001, F= 54.342, 
df= 5, 50) and a significant interaction (p< 0.001, F= 22.025, df= 5, 25) . In males 
exposed to conspecific stimuli, there was significant activation of both 
phenotypes of cells. With both heterospecific stimuli, there were significantly 
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fewer cells in MeP that were FRAs activated and GABA receptor (+)  than in 
males exposed to clean swabs: fMU (p= 0.01) and mMU (p= 0.002).  As for 
saline-treated males, there was significantly greater suppression of GABA-R (+) 
cells than GABA-R (-) cells by heterospecific stimuli; indicative of GABA inhibition 
in MeP with heterospecific stimuli. 

 
Males With Vomeronasal Organ Lesions (VNX) 

 
 At least 7 days following removal of the vomeronasal organs, groups of sexually 
naïve VNX- males were exposed to test stimuli: clean swabs (n=4), female hamster 
vaginal fluid (HVF; n=5), male flank gland secretion (mFGS; n=3), or male mouse urine 
(mMU; n=4). Tissue was processed in the same manner as for the saline and OLFX 
groups (double-label fluorescent immunocytochemistry). All VNX data remain tentative 
pending histological analysis of the decalcified noses to confirm VNO removal. The 
main points of this dissertation do not rely on data from the VNX animals. 
 Removal of the VNO dramatically reduced  FRAs expression in all brain areas, 
as in previous, published experiments (Fernandez-Fewell and Meredith, 1994). As also 
reported previously in both VNX and intact males, activation in main olfactory areas, 
ACN and PC was high, but not significantly different for any stimulus compared to clean 
swab controls. The high background is attributed to testing in a �clean� cage 
(Fernandez-Fewell and Meredith, 1994) conducted a Two-Way Repeated Measures 
ANOVA comparing �exposure� (CS, HVF, mFGS, and mMU) and �brain area� (MeA, 
MeP, and ICN). There were no significant overall effects of exposure or brain area and 
no significant interaction. I.E. With this test, there was no significant stimulation of FRAs 
expression in any of these brain areas by any of the stimuli. Because this Two-Way RM 
ANOVA including multiple exposures and brain areas is a very conservative test, 
differences may have been obscured because all three brain regions were taken into 
account.  I conducted one-way ANOVAs for each brain region to determine it any of the 
exposure groups were significantly different from the group exposed to clean swabs.  
With this liberal test, there were significant differences in FRAs expression in MeA and 
MeP.  The conspecific stimuli HVF (p= 0.001) and mFGS (p< 0.001) and the 
heterospecific stimulus mMU (p= 0.03) significantly activated MeA above clean swab 
controls. There was significant activation in MeP with only one conspecific stimulus, 
HVF (p< 0.001). The other conspecific stimulus only significantly activated MeA. There 
were no significant differences between stimuli for activation of ICN in these VNX 
males. All stimuli were ineffective.  
 

Behavior 
 
Investigation Time 
 
 There were no significant differences in time spent investigating the stimulus 
swab between any of the groups: Saline-infused controls, Zinc sulfate infused (OLFX) 
males, and Vomeronasal-lesion (VNX) males. I used a two way ANOVA comparing the 
factors �surgery� (Saline, OLFX, VNX) and �exposure� (clean swab, HVF, mFGS, fMU,  



 120

VNX males

CS HVF mFGS mMU

m
e
a

n
 #

 o
f 

F
R

A
s

 -
IR

 n
u

c
le

i

0

25

50

75

100
MeA 

MeP 

ICNc 

*  * * *

Conspecific

Heterospecific

 
 
 

Figure 50. Total Fos-related antigen (FRAs) expression in the anterior medial 

amygdala (MeA), posterior medial amygdala (MeP), and caudal intercalated 
nucleus (ICNc) of naïve-VNX males.  Sections were processed using double-label 
immuno-fluorescence. I conducted one-way ANOVAs for each brain region to 
determine it any of the exposure groups were significantly different than clean 
swabs.  With this liberal test, there were significant differences in FRAs expression 
in MeA and MeP.  The conspecific stimuli HVF (p= 0.001) and mFGS (p< 0.001) 
and the heterospecific stimulus mMU (p= 0.03) significantly activated MeA above 
clean swab controls. Only the conspecific stimulus, HVF, significantly activated 
MeP above clean swab control (p< 0.001). 



 121

and mMU) to determine if the differences in FRAs expression between the three groups 
were due to differences in the time spent paying attention to the stimulus. There was no 
overall effect of surgery or interaction, but there was an overall main effect of exposure 
(p< 0.001, F= 34.743, df= 4, 36).  Tukey post-hoc tests revealed that  all groups of male 
hamsters regardless of intact, VNX, saline or OLFX treatment spent significantly (p< 
0.01) more time investigating each of the stimuli presented compared to time spent 
investigating clean swabs. The sole exception was investigation of FGS by VNX-males. 
These data are shown in Figure 53. 
 
Food Discrimination Test 
 
 Saline and OLFX males were tested after 24-48 hours of food deprivation. These 
highly motivated males could investigate two ports: one over a container of  food pellets 
or one over a container of corks (description of this test is in the Methods section).  I 
measured the time spent at each port. Males were considered anosmic if they spent 
less than twice the time at the food port compared to the cork port. All of the OLFX 
males included in the FRAs expression data described above were considered anosmic 
based on this criterion. These data are not shown. 
 
Mating Test 
 
 I also recorded mating behavior in a 5-minute test for OLFX, saline-treated and 
VNX males. The male hamster was allowed to mate until it reached 5 correct 
intromissions or for a total of 5 minutes.  As in previous publications, I used 
intromissions per minute over this brief period as a general indicator of the male 
hamster�s �willingness and capability to mate�.  All of the saline-infused males mated 
normally. One of the 32 OLFX males did not reach 5 intromissions in 5 minutes and was 
excluded from the experiment.  Of the naïve-VNX males, 3 of the 5 males that were 
exposed to HVF 25 minutes prior to the mating test mated normally. The other two had 
4 intromission in 5 minutes. None of the 21 VNX males exposed to other stimuli before 
the mating test reached 5 intromissions in 5 minutes. In fact most did not have even one 
correct intromission. These data are shown in Figure 54. We have previously 
demonstrated that 45 minutes of HVF exposure/ 45 minutes before the mating test 
could rescue normal mating behavior in naïve-VNX males, which normally show severe 
mating deficits as a consequence of VNO removal (Westberry and Meredith, 2003c).
 A two way ANOVA comparing the factors �Treatment� (saline, OLFX, VNX) and 
�Exposure� (clean swab, HVF, mFGS, and mMU) was conducted to measure the male 
hamster�s �willingness to mate�. There was an overall effect of Treatment (p< 0.001, F= 
44.645, df=3, 36), an overall main effect of Exposure (p< 0.001, F= 34.743, df= 4, 36),  
and a significant interaction (p< 0.001, F= 134.743, df= 4, 36). Within each exposure 
group saline and OLFX males were not significantly different from each other. Both 
saline and OLFX were significantly greater than VNX males for all of the exposure 
groups except for HVF. In VNX males exposed to HVF, intromissions per minute were 
not significantly different from OLFX or saline treated males that were exposed to HVF  



 122

 
 

 

VNX males

CS HVF mFGS mMU

m
e
a

n
 #

 o
f 

F
R

A
s

 -
IR

 n
u

c
le

i

0

25

50

75

100

125

150
ACN 

PC 

 
 
 
 
Figure 51. Total Fos-related antigen (FRAs) expression in the Anterior cortical 

nucleus and piriform cortex, two areas that get input from the main olfactory bulb, 
but not the accessory olfactory bulb, in naïve-VNX males. There is high baseline 
FRAs expression in both of these areas, even in males exposed to clean swabs. In 
fact, this baseline level was so high that FRAs expression was not significantly 
different in any of the exposure groups in either area. 
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or any of the other stimuli. Asterisks on the graph in Figure 53 indicate significant 
differences from VNX males. 
 

 
 
 

Discussion 
 

 
Lesions of the main olfactory epithelium (that spared the VNO) did not change 

the way conspecific and heterospecific stimuli activated FRAs expression in  anterior 
and posterior medial amygdala. Saline-treated and OLFX males were not significantly 
different. Total FRAs activation in the anterior medial amygdala (MeA) of males 
exposed to conspecific and heterospecific stimuli was similar. Both saline and zinc 
sulfate-infused males had increased FRAs expression in the MeA in response to all of 
the chemosensory stimuli. As for intact males, only the conspecific, socially-relevant, 
chemosensory stimuli activated posterior medial amygdala (MeP). As for intact males, 
the heterospecific stimuli, as well as one conspecific stimulus, male FGS, activated the 
inhibitory intercalated nucleus. These general results were also true for the effect of 
olfactory lesions on FRAs expression in cells of different phenotypes (GABA (+)/(-) and 
GABA-R (+)/(-)). Olfactory lesions had almost no effect on the details of responses in 
MeA and MeP. However, FRAs expression in main olfactory areas, ACN and PC was 
dramatically reduced compared to saline-treated controls. The animals were also 
anosmic in behavioral tests so there is no reason to suggest any significant residual 
main olfactory capacity. The fact that these same (naïve) animals mated normally, 
suggests that the VNO was intact, as these animals must have an intact VNO to supply 
sensory input necessary to mate (Meredith, 1998b). 
  
FRAs Expression in OLFX Males 
 

 Previous studies demonstrated that exposure to HVF or mating with a receptive 
female increases Fos expression in MeA and MeP, but not in main olfactory projection 
areas such at the piriform cortex (PC) or anterior cortical nucleus (ACN) (Fernandez-
Fewell and Meredith, 1994, 1998). The lack of significant increase in main olfactory 
areas can be attributed to a high background expression in animals exposed to a clean 
swab, but not odor-free cage. In naïve males, mating after zinc-sulfate lesions of the 
main olfactory epithelium (MOE), there was little change in the pattern of Fos 
expression in the �vomeronasal� amygdala, including MeA and MeP. As here with 
chemosensory stimuli, these animals did show significantly decreased Fos expression 
in main olfactory areas  (Fernandez-Fewell and Meredith, 1998).  Here, as I described 
above, I repeated the experimental method, but used more varied stimuli,  many of 
which significantly activated main olfactory projection areas. OLFX eliminated these 
responses in ACN and produced behavioral anosmia, without affecting mating behavior.  
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Fig 52. There were no significant differences in time spent investigating the 
stimulus swab between any of the treatment groups.  Data from the intact males 
from chapter 3 are represented on the graph in the top left corner. The graph in the 
top right corner is for VNX males. These experiments were not conducted together. 
The graphs in the bottom are for saline-treated and OLFX males. Differences in 
FRAs expression in VNX males are not due to decreased attention to the stimulus 
swab. Asterisks indicate significant differences from clean swab control. Asterisks 
indicate a significant difference from clean swab controls. 
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Figure 53. Behavior in a standard �5-minute mating test�. Here I used 
�intromissions per minute� to measure the hamster�s ability and willingness to mate.
 
Naïve male hamsters with vomeronasal lesions (VNX) did not mate normally, 
except those exposed to HVF.  All males with zinc-sulfate lesions of the main 
olfactory epithelium (OLFX) mated normally. OLFX males were not significantly 
different than saline-infused males.  
 
VNX-males with prior exposure to HVF (25 minutes before test) were not 
significantly different than saline or OLFX males. All other VNX males (exposed to 
CS, mFGS, and mMU) had significantly fewer intromissions per minute than the 
Saline or OLFX males. 
 
Asterisks indicate significant differences from VNX males. Tukey post-hoc tests in a 

Two-way ANOVA comparing �surgery� and �exposure�. 
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Responses to the different stimuli in medial amygdala and ICN were essentially 
unchanged. Our conclusion is that the categorical response to conspecific stimuli in 
media amygdala is not dependent on olfactory input.  
 
 
FRAs Expression After Vomeronasal Organ Removal (VNX) 
 
 In our lab, vomeronasal lesions (VNX) in sexually-naïve male hamsters given no 
prior exposure to female stimuli; severely impairs or eliminates mating behavior in a 
five-minute mating test. Here, males with their VNOs removed showed decreased FRAs 
responses in MeA and MeP compared to intact males when they were exposed to 
chemosensory stimuli. When brain areas were analyzed individually, there was a 
significant activation in the amygdala of males exposed to some of the stimuli. Of  the 
conspecific stimuli that I tested, male FGS and HVF increased FRAs expression in 
MeA.  Only HVF also activated MeP in these males consistent with previously published 
data showing significant Fos activation of MeA and MeP by HVF or exposure to females 
in animals with vomeronasal lesions (Westberry and Meredith, 2003b)). Exposure to 
male mouse urine did not activate any of the areas that I counted and there was no 
significant response in ICNc with any of the stimuli. These findings suggest that lesions 
of the vomeronasal system disrupt the mechanisms for categorical responses to 
conspecific stimuli in MeP. Activation in MeP by HVF in animals with VNO lesions 
(VNX) is surprisingly concordant with mating behavior, in that VNX-males exposed to 
HVF did mate and showed some activation in MeP. The timing of the mating test (10 
minutes before perfusion) is such that mating-related FRAs-protein activation in MeP 
would not be seen. In general, male hamsters depend on some chemosensory input in 
order to mate. Whether this low (but significant) level of activation reflects an olfactory 
contribution to medial amygdala or a residual VNO capability is not clear from the 
experiments reported here.  Histological analysis will be conducted to test this latter 
possibility. In previously published work, small Fos responses in medial amygdala after 
VNX were present in males with confirmed bilateral VNO removal (Westberry and 
Meredith, 2003b). 
 These findings detailed in earlier sections suggest that olfactory input provides 
little contribution to chemosensory analysis of male and female conspecific and 
heterospecific signals in sexually-naïve male hamsters with intact VNOs. There, the 
VNO was sufficient for discrimination of species, and the main olfactory epithelium was 
not necessary. Vomeronasal organ removal virtually eliminated all responses to 
chemosensory input in the medial amygdala. These data suggest that the main olfactory 
epithelium may not be sufficient to provide information necessary for detection, or 
discrimination of chemosensory signals from conspecifics and heterospecifics. Without 
the VNO, there was no evidence of engagement of inhibitory circuits- in fact, activation 
in ICN did not go up or down with exposure to stimuli. That being said, failure to achieve 
IEG expression is not definitive evidence that some activation did not occur. There may 
be ongoing neural processing that does not reach the level necessary to cause a 
detectable increase in FRAs, but the level of activation is clearly less. 
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Investigation Time 
 

 Previous studies have shown that animals with lesions of the MOE or VNO do 
not pay as much attention to chemosensory stimuli.  Vomeronasal lesions decrease 
investigation of HVF and urine odors in hamsters and guinea pigs, respectively (Winans 
and Powers, 1977; Beauchamp et al., 1982). In those studies, hamsters with 
vomeronasal lesions sniffed, licked, and ingested HVF, but did show measurable 
deficits in investigation (Winans and Powers, 1977). Presentation of a stimulus on 
cotton swabs (with clean swabs as controls) was one way to ensure that the animal�s 
attention was directed to the stimulus. Here all of the male hamsters paid attention to 
the swab regardless of impairment of the VNO or MOE.  (see Figure 53). We cannot 
assume that the investigation of the stimulus was identical for all groups and all stimuli 
when animals self stimulate by investigating scented swabs. Nevertheless, animals did 
pay attention to all stimuli so differences between groups in activation of various brain 
areas by the various stimuli are broadly comparable. The data suggest a discrimination 
mechanism in the medial amygdala for conspecific (socially relevant) chemical signals, 
that is mediated in part by GABA inhibition in MeP and for which vomeronasal and not 
olfactory input is necessary. 
 
 

List of Important Results Described in this Dissertation 
 

 
Fos Expression in Medial Amygdala and Accessory Olfactory Bulb (Chapter 1) 

 
1. Conspecific stimuli that convey socially-relevant information in hamsters activated 

both MeA and MeP, but did not share a common pattern of activation in the AOB. 
The accessory olfactory bulb and medial amygdala analyze different aspects of 
chemosensory stimuli.  

a. HVF activated the rostral and caudal AOB equally, without preferential 
activation of one or the other, and activated MeA, as well as MeP.  

b. Female and male FGS showed different patterns of Fos expression in 
rostral and caudal AOB, but both strongly activated both MeA and MeP. 
Male FGS activated rostral AOB at higher levels than caudal AOB, while 
female FGS activated both rostral and caudal AOB, without preferential 
activation of one or the other (like HVF). 

2.  The heterospecific stimuli, which are not likely to be socially-relevant to hamsters 
activated only MeA, but not MeP. The patterns of activation in AOB with these 
stimuli were not categorically different from the conspecific stimuli. 

a. Male MU and mCU did not activate MeP and preferentially activated 
rostral AOB. 

b. Female MU preferentially activated the caudal AOB. 
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Fos-Related Antigen (FRAs) Expression with Single-Label ICC (Chapter 2) 
 

3. Male hamsters exposed to either HVF (conspecific) or mMU (heterospecific) stumuli 
showed a similar pattern of Fos-related antigens (FRAs) expression in MeA and 
MeP to that described for Fos expression. Although there was higher baseline 
expression of FRAs, it was still possible to detect increases that occurred as a 
result of stimulation. 

 
4. Artificial, unilateral electrical stimulation of the vomeronasal organ or exposure to the 

heterospecific stimulus (mMU) increased FRAs expression in the MeA, but not in 
the MeP. There was also increased FRAs expression in the medial population of 
ICN cells adjacent to MeP. We call these intercalated nucleus cells  �caudal 
intercalated nucleus� or ICNc. 

 
5. An extensive investigation both in time and of location throughout medial amygdala, 

of FRAs expression after exposure to one conspecific stimulus, HVF and one 
heterospecific stimulus, mMU demonstrated that there is a reciprocal relationship 
between activation of FRAs in the medial amygdala and intercalated nucleus.  
ICNc activity was significantly suppressed when HVF activity was high in MeP.  
ICNc activity was high when mMU activity was low in MeP. 

 
Double-Label Fluorescent Immunocytochemistry (Chapter 3) 

 
6. Male hamsters exposed to both heterospecific stimuli- (mMU and fMU) had 

significantly more FRAs activated GABA (+) cells in the ICNc than those exposed 
to clean swabs. These heterospecific stimuli did not activate MeP.  Exposure to a 
conspecific stimulus, mFGS also activated significantly more GABA (+) cells in the 
ICNc. Male FGS does activate the MeP. 

 
7.  Exposure to heterospecific chemosensory stimuli activated significantly fewer GABA 

receptor immunoreactive cells in the MeP than clean swab controls. These data 
suggest that the lack of activation of MeP with heterospecific stimuli may be due to 
GABAergic inhibition; possibly from ICN. Exposure to conspecific, socially-relevant 
stimuli activated many GABAa-Receptor immunoreactive cells in the MeP. These 
cells bearing GABA receptors had the potential to be inhibited, but with MeA 
activation by conspecific, socially-relevant stimuli, this inhibition did not occur.  MeA 
activation by heterospecific stimuli; ICN was activated and inhibition occurred in 
MeP.  

8. FRAs activation in GABA (+) cells in the anterior medial amygdala (MeA) did not 
predict total FRAs activation in the posterior medial amygdala. Exposure to HVF 
(conspecific) and mMU (heterospecific) did activate different populations of cells in 
the MeA- HVF significantly activated more cells that were not GABA 
immunoreactive GABA (-) than clean swab controls, while mMU activated more 
GABA (+) neurons than clean swab controls.  This pattern was not generalized 
according to species or social relevance; therefore, simple inhibition of MeP by 
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activation of GABA (+) cells in the MeA could not account for differences in total 
FRAs expression in MeP with conspecific versus heterospecific stimuli. 

 
9. There were no significant differences in FRAs activation of  cells that were 

immunoreactive for GABA receptor  (+) in the MeA. GABA inhibition within MeA 
does not correlate with patterns of FRAs activation in MeP. 

 
10. FRAs activation of GABA+ cells in the posterior medial amygdala (MeP) was 

significantly different for conspecific stimuli: mFGS activated significantly more 
GABA (+) cells than clean swab controls, while exposure to HVF activated 
significantly more GABA (-) cells. This difference in pattern of response in MeP 
between the conspecific stimuli suggests that the MeP may discriminate between 
these conspecific stimuli in order to elicit different , appropriate actions. None of the 
heterospecific stimuli significantly activated MeP.   

 
11. Within MeP, the phenotype of activated cells differed within the conspecific stimuli. 

HVF activated more GABA (-) cells, while mFGS activated more GABA (+) cells. 
These data suggest that additional processing occurs once MeP is �informed� 
about these conspecific stimuli. 

 
Saline (Control) or Zinc Sulfate-Infused Males (OLFX) (Chapter 4) 

 
12. Lesions of the main olfactory epithelium (zinc-sulfate infused-OLFX) did not change 

the characteristic pattern of total FRAs activation in the MeA, MeP or ICNc elicited 
by conspecific and heterospecific stimuli. 

 
13. Total FRAs expression was not different between saline-infused controls and zinc-

sulfate infused OLFX males in the VNO projection areas (MeA and MeP) or in the 
ICNc, but olfactory lesions did significantly change responses to chemosensory 
input in the main olfactory bulb projection areas (anterior cortical nucleus and 
piriform cortex). 

 
14. These males (both OLFX and saline) showed a slightly different pattern of GABA 

activation in MeA and MeP than the intact males, but the differences in which 
comparisons reached significance could be due to difference sample sizes. 

 
Vomeronasal-Lesioned Males (VNX)  

 
15. Sexually-naïve males with their vomeronasal organs removed (VNX) did not show 

any significant FRAs responses in the MeA, MeP, or ICNc. Because FRAs 
expression does have a higher baseline level of expression, it is possible that small 
increases in neuronal activity could not be detected with the conservative statistical 
test used here. Additional analysis of FRAs expression in GABAergic or GABA-
Receptive neurons did not show any additional significant activation. 
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16. With a less conservative statistical test in which each area was tested individually, 
there were significant differences in FRAs expression in MeA and MeP.  The 
conspecific stimuli HVF and mFGS and the heterospecific stimulus mMU 
significantly activated MeA above clean swab controls. Only the conspecific 
stimulus HVF significantly activated MeP above clean swab control. So the 
categorical nature of MeA/MeP responses in animals with intact VNOs was not 
seen in VNX animals.  None of the stimuli significantly activated the intercalated 
nucleus. 
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GENERAL DISCUSSION 

 
 
 

Overview 

  
Individual members of many species use chemical signals detected by the 

vomeronasal system to communicate with other members of the same species. Over 
the past two decades, research in the chemical senses field has focused on peripheral 
detection and processing of chemosensory signals by the vomeronasal organ (VNO). 
Not as much focus has been placed on central processing of these signals once they 
are detected by the VNO and communicated to the accessory olfactory bulb (AOB).  
The studies included in this dissertation were designed to investigate neuronal 
activation in the medial amygdala, an area of the brain that gets direct input from the 
accessory olfactory bulb (AOB).  Based on immediate early gene (IEG) expression, I 
found that the medial amygdala responded differently to conspecific versus 
heterospecific stimuli. The anterior medial amygdala (MeA) responded to both, but 
posterior medial amygdala (MeP) responded only to conspecific stimuli and was 
suppressed during responses to heterospecific or artificial (non-biological) stimuli. 
These data provide the first report of categorical discrimination of chemosensory signals 
in the medial amygdala. This categorization was not apparent in the AOB so it appears 
to be a second level of sensory analysis. Additional studies indicated a reciprocal 
relationship between activation in one group of inhibitory intercalated nucleus (ICN) 
cells and activation in MeP. MeP is the brain area that only responded to conspecific 
stimuli. Its lack of activation in MeP with heterospecific stimuli is accompanied by 
selective suppression in MeP neurons expressing GABA-a Receptor and occurs 
concurrently with significant activation in GABA immunoreactive cells of the adjacent 
ICN. These data provide the first evidence for possible ICN involvement in 
chemosensory circuits in the brain. The categorization of stimuli as conspecific (socially-
relevant) or heterospecific (socially non-relevant) probably occurs in MeA. MeA has 
access to information on all the stimuli, receives the majority of chemosensory input 
from the AOB and provides sensory input to MeP. MeP has no significant response to 
heterospecific stimuli and appears to be inhibited, so it is unlikely  cannot be responsible 
for creating the differential response. The ICN is suppressed by some conspecific 
stimuli so it too is unlikely to create the differential response. The ability of neurons in 
medial amygdala to show a discrimination between conspecific and heterospecific 
stimuli was not dependent on main olfactory input and MeA is the first place in the 
vomeronasal pathway where all the information from rostral and caudal accessory 
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olfactory bulb comes together. Immediate early gene expression does not reveal all the 
neural activity of the brain, but within the limits of this method all indications are that 
discrimination occurs in the anterior medial amygdala.  

 
 

Summary of Important Findings 
 
 

There is a Categorical Response in Medial Amygdala, Such that MeP is Only 
Activated by Conspecific Stimuli 
 

In male hamsters, conspecific stimuli serving as chemical communication signals 
from females related to mating or males related to social status, strongly activated Fos 
and Fos-Related Antigen (FRAs) expression in both anterior and posterior medial 
amygdala (MeA and MeP).  Heterospecific stimuli used by other species for their intra-
specific communication activated MeA in hamsters, but not MeP. The pattern of  
activation was the same for males that were given �artificial�, electrical stimulation of the 
VNO and males that were exposed to  �natural�  heterospecific stimuli. Both only 
activated MeA, and not MeP. The similarity in amygdala response between diverse 
heterospecific stimuli and totally artificial stimuli (Meredith and Fewell, 2001) (Meredith 
and Westberry, 2003 submitted) may reflect the �rejection� of all non-relevant 
information.  
 
The AOB Does Not Categorize Stimuli Based on  the Same Criteria as the 
MeA/MeP 
 

 Fos activation of the rostral and caudal AOB reflects activation of vomeronasal 
sensory neurons that express different families of receptors. There was no pattern of l 
Fos response in rostral or caudal AOB, or in the ratio of rostral/ caudal activation,  that 
was characteristic of all of the conspecific or all of the heterospecific stimuli. Thus, the 
conspecific and heterospecific stimuli; that are clearly categorized by the medial 
amygdala, do not simply activate the same sets of vomeronasal receptors. The AOB did 
not discriminate chemosensory stimuli based on �conspecific� versus �heterospecific�. 
There was a hint of categorization based on gender (discussed below). 
 
The Patterns of Activation in GABA or GABA-R (+) Cells in MeA Did Not Predict 
MeP Activation 
 

Activation of GABA (+) neurons in MeA did not predict activation of MeP.  There 
was no pattern exclusive to conspecific stimuli (which activate MeP) or heterospecific 
stimuli (which do not activate MeP). Activation of GABA-Receptor immunoreactive cells 
in MeA was not different for conspecific and heterospecific stimuli. There were no 
significant differences between the groups tested here. 
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The Pattern of Activation of GABA Cells in MeP Was Not the Same  for all 
Conspecific Stimuli 
 

There was differential activation of GABA immunoreactive neurons within the 
groups of conspecific stimuli. HVF and fFGS did not significantly activate GABA 
immunoreactive cells. Male FGS, did have significant activation of  GABA 
immunoreactive cells. This difference in pattern of response in MeP between the 
conspecific stimuli suggests that the MeP may discriminate between these conspecific 
stimuli (discussed below). None of the heterospecific stimuli significantly activated MeP.   
 
Activation of GABA Cells in ICNc and Depression of Activation in GABA-R Cells 
in MeP Suggests GABA Inhibition of MeP By ICN 
 
 Heterospecific stimuli activated GABA immunoreactive (+) cells in the ICNc and 
also did not activate MeP.  Exposure to one of the conspecific stimuli, mFGS also 
significantly activated GABA (+) cells in ICNc. In all circumstances where MeP 
activation is low, ICNc activation is high, suggesting inhibition of MeP by ICNc. With 
mFGS, some mechanism may prevent  this inhibition from occurring. These data will be 
discussed in more detail below. 

Compared to control levels of activation, suppression of  GABA-R (+) cells in 
MeP by heterospecific stimuli was greater than were GABA (-) cells. In fact, GABA-R (-) 
in MeP were significantly activated by heterospecific stimuli . These data suggest that 
the lack of activation of MeP with heterospecific stimuli may be due to GABAergic 
inhibition; possibly from ICNc. Conspecific stimuli activated many GABA-R (+) 
immunoreactive cells in MeP. These cells bearing GABA-R (+) had the potential to be 
inhibited, but with MeA activation by conspecific stimuli; this inhibition appears not to 
have occurred.  
 
Main Olfactory Input has Little Influence on Categorization of Conspecific and 
Heterospecific Stimuli in the Amygdala; VNO Input Appears Necessary for 
Categorization 
 

 Sexually-naïve males with zinc-sulfate lesions of the main olfactory epithelium 
showed the same categorical response in MeA and MeP, as well as the same ICN and 
MeP relationship as intact males. Animals with their vomeronasal organs removed 
(VNX) did not show strong FRAs responses in the MeA, MeP, or ICNc. In fact, an 
ANOVA that included data from all brain areas and groups found no significant 
activation in any area or group. A more restricted analysis, area by area found that the 
conspecific stimuli HVF and mFGS and the heterospecific stimulus mMU did 
significantly activate MeA compared to control, presumably via the residual main 
olfactory input. Only the conspecific stimulus HVF significantly activated MeP. Thus, 
after vomeronasal organ removal the categorical response by medial amygdala was 
disrupted. None of the stimuli significantly activated or depressed activity in the 
intercalated nucleus in VNX animals. 
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General Discussion of Results 

 
 
Categorization in the Accessory Olfactory Bulb (AOB) 
 

 Although there was no apparent categorization of conspecific versus 
heterospecific stimuli in the AOB, there was an interesting pattern of rostral/ caudal Fos 
expression based on gender. For example, the two conspecific female stimuli, female 
hamsters vaginal fluid (HVF) and female flank gland secretion (fFGS) activated both the 
rostral and caudal AOB. Both of these stimuli activated MeA and MeP. The male 
conspecific stimulus, male FGS which activated both MeA and MeP, preferentially 
activated the rostral AOB. The other male stimuli, heterospecific male mouse urine 
(mMU) and male cat urine (mCU) also evoked preferential Fos activation in the rostral 
AOB. These heterospecific stimuli did not activate MeP.  These data suggest that 
discrimination in the VNO and AOB may be based on gender recognition, as opposed to 
species recognition. The other heterospecific stimulus, female mouse urine (fMU), did 
not show the same pattern as the female conspecific stimuli. Female MU preferentially 
activated the caudal AOB. At least within this limited sample, a selective activation of 
the rostral AOB without activation of the caudal AOB may be a characteristic of male 
chemosensory stimuli.  Afferent chemosensory responses in AOB are largely tied to the 
sensitivity of different families of vomeronasal receptors, so a similarity of response 
there may reflect an important common component of the chemical mix in the stimulus. 
 The vomeronasal system is important for �gender recognition� in mice (Wysocki 
et al., 1982). Male mice produce more ultrasonic calls in the presence of females or 
female mouse urine than in the presence of males or their odors. In sexually-naïve 
animals, this differential response to urine odors is eliminated with VNX (Wysocki et al., 
1982).  Gender discrimination may be a different process than individual or species 
discrimination in that it could be based on detection of as little as one or two sex specific 
signals.  Individual discrimination presumably involves a much more difficult 
discrimination of patterns of odorant concentrations, and this type of discrimination has 
been shown to require main olfactory input (Johnston and Rasmussen, 1984) (Johnston 
and Peng, 2000). Here, I show that species discrimination can be accomplished in the 
amygdala, and does not require input from the main olfactory epithelium.  

In all of the experiments described in this dissertation, male hamsters were 
exposed to whole chemosensory stimuli directly from its source animal (diluted for some 
stimuli). Studies have shown that fractions of these whole substances may activate 
vomeronasal sensory neurons (VSNs) and the AOB in a different pattern from the whole 
substance. For example, aphrodisin, a protein that is found in high concentrations in 
HVF and has been shown to stimulate copulatory behavior and increased Fos 
expression in the caudal region of the AOB (Jang et al., 2001). Here I found that 
exposure to whole HVF (not just aphrodisin) activated both rostral and caudal AOB. The 
difference between activation with whole HVF and aphrodisin may indicate that other 
components of HVF activate additional vomeronasal receptors.  It is possible that the 
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behaviorally active �pheromonal� components of female FGS  would also only activate 
caudal AOB. These components of FGS have not yet been determined. 

There are also differences in the pattern of activation in mice that investigate 
whole mouse urine versus the behaviorally active components of whole urine. In mice, 
there are two classes of urine-derived molecules that are known to have �pheromonal� 
activity: the major urinary proteins (MUPs) and the small volatile molecules that are 
usually bound to the MUPs. These two groups of urine compounds trigger different 
behavioral responses (Novotny et al., 1985)  (Jemiolo et al., 1986) (Bacchini et al., 
1992) and elicit different immediate early gene expression patterns in the rostral and 
caudal AOB (Brennan et al., 1999). Differential activation of rostral and caudal AOB 
reflects differential activation of different families of vomeronasal receptors. 
  Activation of the hamster AOB indicates that heterospecific stimuli were 
recognized by receptors in the hamster VNO. It is unclear whether the components of 
mouse urine that activated hamster VNO are the same as those that activated the 
mouse VNO in Brennan�s experiments or in the physiological experiments conducted by 
Leinders-Zufall et al. (Leinders-Zufall et al., 2000). Whole mouse urine and whole HVF 
may have some components in common that are recognized by the VNO, but the 
pattern of Fos expression in the AOB shows that there are also differences in VSN 
activation, at least between HVF and male mouse urine. HVF and female mouse urine 
evoked similar expression patterns in AOB, but the stimuli were clearly discriminated in 
the amygdala. Further experiments need to be conducted using the behaviorally active 
fractions of mouse urine. These experiments might reveal a different pattern of 
VNO/AOB activation compared to the un-fractionated source material. However, I would 
predict that a �reduced� stimulus containing all of the behaviorally active components in 
their original ratios of components would elicit the same categorization by the amygdala.  
 
All Conspecific Stimuli are Not the Same 
 

My studies indicate that all although all of the conspecific stimuli activated MeP, 
there were differences in the pattern of activation Male flank gland secretion (FGS) 
activated predominantly GABAergic neurons in MeP, while the two female conspecific 
stimuli, HVF and fFGS activated more non-GABA cells. There were no significant 
differences in activation of cells with GABA-R (+) phenotype. The categorical nature of 
the response is that MeP is activated by all. Those stimuli that do activate MeP have 
different behavioral functions which may be mediated in part, by differential MeP output. 
MeP has a high density of sex-steroid receptors and appears to be important for 
coordinating chemosensory and hormonal status signals. (Wood and Coolen, 1997). 
Behavioral responses to mFGS relate to social hierarchy, but are equally dependent on 
gonadal steroid levels (Takahashi and Lisk, 1983). The differential patterns of response 
may reflect the presence of differential processing in MeP. Male FGS also activated the 
caudal ICN. I have suggested that this brain area is part of a circuit that inhibits activity 
in MeP with heterospecific stimuli. Male FGS activates MeP, but also ICNc. This 
response difference may also reflect the different functions of mFGS compared to the 
conspecific stimuli used here. The role of each of these stimuli in hamster 
communication differs. Flank marking is an important behavior displayed by both male 
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and female hamsters in which flank gland secretion (FGS) is left behind to convey 
olfactory and vomeronasal information important for species recognition, individual 
identification, and determination of social status (Johnston, 1998a) (Johnston, 1975a). 
Male and female FGS do not always relay the same types of information. In addition to 
the important roles listed above, Johnston found that removal of  female flank glands 
has a small influence on male mating behavior, implicating the female FGS as being 
involved in sexual arousal (Johnston, 1986). The Coolidge effect is when a male is 
allowed to mate to satiety with one female and is then tested with either the same 
female or a new female. Males show a higher level of sexual performance in the 
presence of a new female than in the presence of the familiar female (Dewsbury, 1991). 
Sexually satiated male hamsters investigate FGS of a novel female more than the FGS 
of a familiar female (Johnston and Rasmussen, 1984).These data suggest that female 
flank gland secretion not only provides information about �individuality�, but also carries 
gender information and acts as a sexually arousing odor.  This role for female FGS 
overlaps the role of  HVF in reproductive behavior. HVF has multiple behavioral and 
physiological actions including attraction of males to the vicinity of the female and 
promotion of genital investigation (Gregory and Pritchard, 1983) (Johnston, 1974a) 
(Landauer et al., 1977) (Macrides et al., 1977) (Devor and Murphy, 1973), facilitation of 
male copulatory behavior (Darby, 1975) (Johnston, 1975a)  (Landauer et al., 1977) 
(Macrides et al., 1977) (Devor and Murphy, 1973), suppression of male aggression 
towards females (Johnston, 1975a) (Devor and Murphy, 1973; Murphy, 1976) and 
elicitation of a neuroendocrine reflex resulting in acute elevations of testosterone 
(Macrides et al., 1974).  

There is a role for male FGS in reproductive behavior, but as a signal for females 
and not other males. Females can use flank gland odors to discriminate among males 
as a function of their hormonal state, familiarity and dominance (Montgomery-St Laurent 
et al., 1988). Although mFGS does help female hamsters to find appropriate mates, it 
does not seem to serve any aphrodisiac function. These data, along with the differences 
in pattern of activation in ICNc and MeP, demonstrate that conspecific stimuli are not all 
the same and that it is likely that additional processing occurs once the MeP is 
activated.  It is possible that the activation of GABAergic neurons in MeP might be part 
of complex intra-amygdaloid circuit but could also be an activation of GABAergic output 
to downstream targets. 

The additional processing that occurs once MeP is �informed� about conspecific 
stimuli may be important for integrating chemosensory input with the endocrine status of 
the animal to produce appropriate outcomes. By virtue of its reception of both olfactory 
and vomeronasal sensory input, the medial amygdala is well positioned to regulate the 
effects of chemosensory signals on social behavior in rodents.  In male hamsters, the 
anterior medial amygdala has widespread connections with olfactory/ chemosensory 
regions, while the posterior medial amygdala (MeP) contains many steroid-responsive 
neurons (Li et al., 1993) (Wood and Newman, 1993) which transduce hormonal cues 
from the testes to stimulate sexual and other social behaviors (Rasia-Filho et al., 2000) 
(Wood, 1996) (Wood and Newman, 1995a, b). The MeP is also heavily interconnected 
with other steroid-responsive brain regions (Coolen and Wood, 1998). MeA and MeP 
have different connections with the preoptic area and bed nucleus of the stria terminalis 
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(BNST), and are highly connected with each other (Coolen and Wood, 1998)-  for more 
details, see General Introduction). The connections between these areas help to 
integrate the chemosensory input that comes into the amygdala with the hormonal 
signals to control social and sexual behavior.   

Behavioral responses to chemosensory cues, including HVF and FGS, are sex 
specific and strongly influenced by gonadal steroids (Powers and Bergondy, 1983) 
(Albers and Prishkolnik, 1992). The attraction to HVF is steroid dependent in both males 
and females. Replacement of testosterone in gonadectomized males and females 
increases the amount of time these animals spend investigating HVF  (Gregory et al., 
1975)  (Powers and Bergondy, 1983) (Powers et al., 1985). Males and females have 
different sex typical behavioral responses when they are exposed to HVF, and 
circulating testosterone influences behavior differentially in males and females. HVF 
induces mounting behavior in males with normal levels of testosterone (Darby, 1975). 
Females treated with testosterone in adulthood do not display these male specific 
copulatory responses to HVF or a receptive female (Doty, 1986).  For females, HVF 
deposited by vaginal marking serves as a marker of individual territory, thereby 
influencing where other females will mark (Johnston, 1977).  
 Gonadal hormones are also important for flank marking. In male hamsters, scent 
marking is tightly linked to circulating androgen levels (Johnston, 1974a). The frequency 
of flank marking in response to the odors of other male hamsters is reduced by 
castration and restored by physiological levels of testosterone (Johnston, 1981). In 
female hamsters, ovarian hormones alter the frequency of odor-stimulated flank 
marking (Albers and Rawls, 1989). Flank marking stimulated by the odors of male 
hamsters occurs at high levels during the first three days of the estrous cycle, but is 
significantly reduced on the evening of estrus when sexual receptivity occurs. This 
rhythm appears to be regulated by changing levels of estradiol and progesterone during 
the estrous cycle. Ovariectomy reduces flank marking behavior and estradiol restores 
the frequency of flank marking. Gonadal hormones also influence the amount of flank 
marking observed during social encounters. In male and female hamsters, 
gonadectomy reduces flank marking and administration of either testosterone or 
estradiol increases the levels of flank marking normally observed during social 
encounters (Vandenbergh, 1969). There are sex differences in scent-marking behaviors 
(Johnston, 1974a). Males often have larger flank glands (Vandenbergh, 1969), while 
females who are often larger and more aggressive, flank mark twice as frequently as 
males under some circumstances (Albers and Prishkolnik, 1992).   
 
Mechanism For Differential Activation of MeP 
 

 In an attempt to understand the mechanisms that may be involved with 
categorical discrimination in the amygdala, I formulated three hypotheses against which 
the existing data could be tested now and which may help in the future to generate new 
experimental tests of mechanisms. My initial hypothesis was that activation of inhibitory 
neurons in MeA might  directly inhibit activation in MeP. This hypothesis would be 
supported if conspecific and heterospecific stimuli activated FRAs expression in 
different populations of cells in MeA including for heterospecific stimuli, inhibitory 
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projections to MeP. Although we do no currently have data on projections of specific 
populations to MeP, and inhibition may involve other than GABAergic cells, data on 
activation of GABA (+) neurons in MeA do not support this mechanism.  Here I looked at 
FRAs activation of  GABA (+) and GABA (-) cell populations. Within those populations, 
the hypothesis would predict that males exposed to heterospecific stimuli would show 
increased activation of GABA (+) neurons in the MeA and males exposed to conspecific 
stimuli, which do activate MeP, would show less increased FRAs in GABA (+) neurons. 
The pattern of activation of inhibitory (e.g. GABA) cells in MeA was not generalized 
according to species or social relevance;  

My second hypothesis was that feedback inhibition from the ICN to MeA might 
inhibit output to MeP.  This hypothesis would predict a decrease in activation of MeA 
neurons expressing GABA-R (+) with heterospecific stimuli. The data described here did 
not support this hypothesis. There were no significant differences in FRAs activation of 
GABA-R (+) cells with conspecific and heterospecific stimulation. 

My third hypothesis was that excitatory projections from MeA to the medial group 
of intercalated nucleus cells (mICN) would activate GABA (+) cells, which would then 
inhibit  MeP. In chapter 2, I found a reciprocal relationship between activity in the MeP 
and ICN, and in chapters 3 and 4, I demonstrated specific activation of GABA (+) cells 
in the caudal part of mICN (ICNc) adjacent to MeP in males exposed to the 
heterospecific stimuli. With these stimuli, activation of GABA cells in ICNc  was 
correlated with a general failure of activation in MeP and a significant and selective 
reduction of FRAs activation in MeP cells expressing GABA-R (+). However, with 
conspecific (socially-relevant) stimuli cells of this phenotype were significantly and 
selectively activated. These cells had the potential to be inhibited and were inhibited 
with heterospecific stimulation, but with MeA activation by conspecific stimuli, inhibitory 
circuits appear not to have been engaged. These data suggest that the lack of 
activation of MeP with socially non-relevant stimuli may be due to GABAergic inhibition 
from ICNc. Although the other potential mechanisms can not be eliminated, there is 
much stronger support for ICN inhibition of MeP than for any other. 

  
Differences Between Intact and OLFX Males 
 

As previous studies have demonstrated, main olfactory input is not necessary for 
increases in IEG expression in sexually-naïve male hamsters exposed to HVF 
(Fernandez-Fewell and Meredith, 1998). Here, I confirmed those findings and also 
demonstrated that main olfactory input was not necessary for categorization of 
conspecific and heterospecific stimuli in medial amygdala. These zinc sulfate treated 
males only had chemosensory input from the vomeronasal system, demonstrating that 
this categorization may be a general function of �vomeronasal amygdala�, with little 
requirement for input from main olfactory projection areas.  
 There were no differences in total FRAs expression in intact, OLFX and saline-
treated males. All three treatment groups showed categorical responses to conspecific 
(socially relevant) and heterospecific (socially non-relevant) stimuli in MeP. There were, 
however, slight differences in the �pattern� of activation in GABA immunoreactive (+) 
and non-GABA immunoreactive (-) cells in MeA. These differences in pattern were not 
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between OLFX and saline males which were tested together, but rather between these 
two groups and Intact males.  The intact males were a much larger sample group than 
the saline and OLFX groups. In intact males, differences in FRAs expression in GABA 
(+) and GABA (-) were only significant in two groups, HVF (more GABA -) and mMU 
(more  GABA+). In saline and OLFX males, these groups were also significant, but 
several other groups were different enough to reach significance. Because of the 
smaller sample group and less stringent statistical test, these differences are probably 
not important. Across all groups, there was no pattern of activation of GABA (+) cells in 
MeA that was characteristic of one category (conspecific vs. heterospecific) or that 
predicted activation (or inhibition) in MeP. 

The two main olfactory projection areas that I investigated did show decreased 
activity in OLFX males. In ACN, all stimuli except fMU and mCU significantly activated 
non-GABA immunoreactive (-) cells. The fMU and mCU had almost equal numbers of 
GABA (+) and GABA (-) activated cells, but only the activation of GABA (+) cells 
reached significance. This region clearly showed a different pattern of activation in cells 
of different phenotypes (GABA +/-), but this activation did not correspond to conspecific 
vs. heterospecific stimuli in the same way as in MeA and MeP. The OLFX data indicate 
that the input responsible for the differential responses to different stimuli in ACN do 
come from the main olfactory system. Its diverse nature suggests a reflection of diverse 
chemical components.  In the piriform cortex, there were no difference between stimuli 
in the activation of GABA (+) and GABA (-) cells, but here we might expect different 
chemical components to activate different  cells of the same phenotype (Wilson, 2000) 
rather than cells of a different phenotype. The responses in the amygdala, both 
MeA/MeP and ACN suggests a more categorical response, although only in the MeA 
and MeP is the categorization into conspecific and heterospecific categories. 

 
Differences Between Intact and VNX Males 
 

Because there were only very small responses to chemosensory input in 
sexually-naïve males with vomeronasal lesions (VNX), it was impossible to see 
differences in the pattern of GABA (+/-) or GABAa-Receptor (+/-) activation in MeA, 
MeP, or ICN. I was able to draw some conclusions based on total FRAs expression. 
Previous studies demonstrated that male hamsters exposed to HVF have increased Fos 
protein expression along the vomeronasal pathway (Fiber et al., 1993; Fernandez-
Fewell & Meredith, 1994; Fernandez, 1994; Kollack-Walker and Newman, 1997, 
(Westberry and Meredith, 2003b). The increase in Fos or FRAs (demonstrated here) 
expression due to HVF exposure is not limited to those with an intact VNO. There is 
strong Fos activation in MeP of experienced-VNX males and weak activation in 
inexperienced VNX males (Fernandez-Fewell and Meredith, 1994, 1998). Fos or FRAs 
expression in VNX males is most likely due to main olfactory input to MeA. In addition to 
receiving a major projection from the AOB (Davis et al., 1978), MeA receives a very 
small input from the main olfactory bulb and substantial input from main olfactory targets 
such as the anterior cortical nucleus (ACN), posterior lateral cortical nucleus (PLCN), 
Piriform cortex (PC) and Endo-piriform nucleus (Otterson et al., 1982). In turn, activation 
in MeA can activate MeP. Both of these areas relay these chemosensory cues to MPOA 
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and BNST, important areas for male mating behavior (Powers et al., 1987) (Gomez and 
Newman, 1992). This input from main olfactory areas is reflected in the slight decrease 
in activity in MeA in OLFX males (Total FRAs, chapter 4). Here, even in VNX males, 
HVF and mFGS, as well as mMU appeared to weakly activate MeA when the data were 
analyzed area by area, but only HVF significantly activated MeP.  

This activation in MeP may be critical for the restoration of mating that we have 
seen (and saw here, in these animals) in naïve-VNX males exposed to HVF shortly 
before mating (Westberry and Meredith, 2003c). In those studies,  we saw an increase 
in Fos expression due to HVF exposure (Westberry and Meredith, 2003b) in the VN 
pathway of both intact and VNX males. This increase in Fos may also reflect short-term 
changes in the VN pathways important for mating that could reduce the additional level 
of activity required to stimulate the system during the subsequent mating test. Thus the 
olfactory input into VN pathways could become sufficient to allow mating to occur in 
VNX males exposed to HVF prior to the mating test. In those studies, we suggested that  
the pre-exposure to HVF may have increased general �arousal� in such a manner that it 
helped the male respond to other olfactory cues from the receptive female. Here we 
show that this mating effect was not generalized to all conspecific stimuli. Male FGS did 
activate MeP in intact and OLFX, but not VNX males. Exposure to male FGS did not 
restore mating in naïve VNX males. These data suggest that activation in MeP may be 
crucial for this �pre-exposure effect� in VNX males and suggest a specific role for HVF in 
specific sexual arousal and not just generalized arousal. It will be necessary to test 
additional stimuli, particularly other female conspecific and heterospecific stimuli, which 
like HVF, relay information about reproductive status, in order to evaluate these 
tentative conclusions. 
 
Sexually- Naive Male Hamsters are Different From Experienced Males 

 
 Bilateral olfactory bulbectomy in hamsters (Murphy and Schneider, 1970), or  
combined peripheral olfactory and vomeronasal lesions (VNX) eliminate mating in male 
hamsters, regardless of their level of prior sexual experience (Powers and Winans, 
1975; Meredith et al., 1980; Meredith, 1986). As confirmed by the work reported here, 
peripheral Zinc Sulfate lesions of the olfactory epithelium alone do not impair mating 
(Winans and Powers, 1977; Meredith and O'Connell, 1988), but bilateral lesions of the 
vomeronasal organ (VNO) do create deficits in mating behavior in naive male hamsters 
in a 5 minute mating test (Meredith, 1986). These data suggest that main olfactory input 
alone is not sufficient for mating, and that the VNO is necessary for normal mating 
behavior in naive male hamsters. Male hamsters that have had sexual experience prior 
to VNX do not show these mating deficits (Meredith, 1986), indicating that some change 
has occurred as a result of experience such that main olfactory input is sufficient to 
sustain mating.  

To reduce the probability that the results of my experiments might depend on 
learned responses or animals whose neuronal connectivity had been modulated by 
experience, I used sexually naïve males with no exposure to females since weaning. 
They were kept in single species rooms, had no prior exposure to chemosignals of the 
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other species and never encountered the specific individuals of their own species 
whose chemosignals were used in the experiments. 

Prior sexual experience also rescues other behavioral responses during mating 
that are VNO dependent in naive animals. For example, male mice exhibit ultrasonic 
vocalizations in the presence of a female or its odors, but not in the presence of a male 
(Wysocki et al., 1982).  Experienced male mice are able to discriminate an anesthetized 
male from an anesthetized female, measured by ultrasonic vocalizations.  These males 
show deficits in discrimination as compared to sham operated animals, but still are able 
to discriminate.  Males with vomeronasal lesions (VNX) before exposure to females do 
not show any vocalizations to anesthetized animals of either sex. These data suggest 
that some other sensory system (olfactory) has the capability to compensate for the lack 
of a VNO by transducing chemosensory signals, but that some experience has to occur 
before an association between these two systems can be formed. 
 Recently, another lab published experiments examining changes in HVF-induced 
Fos expression after Zinc-sulfate (ZS) treatment, but in sexually-experienced male 
hamsters (Swann et al., 2001). Experienced males do not require an intact VNO for 
normal mating behavior and show evidence of olfactory activation of medial amygdala 
(Fewell and Meredith, 2002). The Swann et al. studies (2001)  in experienced males 
yielded a very different result from those using ZS in naïve males, either mating 
(Fernandez-Fewell and Meredith, 1998) or exposed to chemosignals (this dissertation). 
In the inexperienced males, ZS lesions of main olfactory epithelium (MOE) eliminated 
HVF-induced Fos expression in MeA and MeP, and medial preoptic area (MPOA), while 
vomeronasal lesions had little effect on HVF-induced Fos in these regions (Swann et 
al., 2001). In my results with naïve males, OLFX lesions had little effect on Fos 
expression responses to HVF in medial amygdala and no effect on the categorization 
between conspecific and heterospecific stimuli in MeP. VNX lesions eliminated all 
substantial responses to all chemosensory stimuli. These differences in Fos expression 
between experienced and naïve males could potentially be explained by changes in 
neural circuits as a result of experience. As described above, experienced-males can 
use their main olfactory system to supply the essential chemosensory input necessary 
for mating, after vomeronasal lesions. Without any pre-mating exposure to female 
stimuli, naïve-VNX males show severe mating deficits, even with an intact olfactory 
epithelium. The weak activation of MeA demonstrated here with HVF exposure, must be 
insufficient to support mating in naïve VNX males, when the HVF stimulus only 
becomes available at the start of a 5-minute mating test. There is a significant increase 
in olfactory input to MeA/MeP with experience (Fewell and Meredith, 2002) (Westberry 
and Meredith, 2003b; Westberry and Meredith, 2003c). However, one would not expect 
one whole input pathway to be disabled when another becomes salient, as is suggested 
by the Swann et al. data. These differences need further study. Swann et al. report no 
histological damage of the VNO in Zinc sulfate treated males, but they did not test the 
animals� ability to mate, which should survive Zinc Sulfate treatment as reported here 
and in previous reports (Powers and Winans, 1973) (Fernandez-Fewell and Meredith, 
1998). 
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Coding in the Main vs. Accessory Olfactory Systems 
 

As mentioned above, the amygdala may be preprogrammed to recognize 
conspecific chemosignals. Mammals use two important classes of chemosensory 
stimuli to shape their behavioral responses. General odorants provide information about 
the universe as a whole. Responses to these general odorants are modified by learning 
and experience which allow individuals to adapt to a changing environment. 
Pheromones are thought to trigger innate, stereotyped behavioral and neuroendocrine 
responses that are specific to a particular species. Pheromones provide information 
about the social and sexual status of other members of the same species and trigger 
responses that usually do not require experience, and may not be less easily 
modifiable.  The instinctive character of these responses suggests that neural pathways 
activated by pheromones are genetically programmed. These neural pathways involving 
MeA and MeP may have been evolutionarily modified so that MeA can act as an 
analyzer or evaluator of patterns of input and only �inform� MeP when it is beneficial to 
initiate a social response. Thus MeP may be similar to the amygdaloid central nucleus 
(Dumont et al., 2002) which is known to integrate sensory input and control autonomic, 
physiological, and hormonal output responses to many areas of the brain (Dumont et 
al., 2002).  

Work from many laboratories has shown that receptor neurons in the main 
olfactory epithelium are broadly tuned to odors. Each olfactory receptor neuron (ORN) is 
sensitive to a different, but overlapping set of odors, probably because olfactory 
receptor molecules are more specific for some molecular feature shared by different 
odor molecules than they are for discrete odor molecules themselves. Because odor 
molecules have several odor-relevant molecular features, even a pure substance 
activates many types of olfactory receptors (Bozza and Kauer, 1998).  ORN tuning 
curves become less specific as odor concentration is increased. Thus, olfactory 
receptor neurons (ORNs) with the lowest threshold for a given odorant are activated first 
and the less sensitive ones are recruited at higher concentration, giving rise to a 
combinatorial coding scheme that represents some relative mix of odor-relevant 
molecular features rather than an identifiable molecular signature (Duchamp-Viret et al., 
1999; Hildebrand and Shepherd, 1997; Kauer, 1991; Malnic et al., 1999; Mori and 
Yoshihara, 1995). Unlike receptor neurons in the MOE, vomeronasal  tuning curves do 
not broaden with increasing concentrations of ligand (Leinders-Zufall et al., 2000). In 
fact, VNO activation is concentration invariant, at least for the six pheromonal stimuli 
investigated by Leinders-Zufall et al. (2000). In those studies, raising the pheromone 
concentration by up to 10,000-fold failed to recruit additional vomeronasal sensory 
neurons, and closely related molecules were also not effective: The system seems set 
up to recognize particular molecules rather than a mix of molecular features. These data 
indicate that the coding scheme of chemical information in the VNO is different than the 
combinatorial coding scheme used by the MOE. 

In the olfactory epithelium, neurons that express the same olfactory receptors are 
scattered in the MOE, their axons converge at two specific MOB sites (one on the 
medial and one on the lateral side of each bulb), giving rise to a stereotyped sensory 
map in which inputs from different ORs are segregated in different glomeruli. Since 
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mitral cell relay neurons in the MOB are each connected to one glomerulus, the 
segregation of inputs from different ORs seen in the olfactory epithelium and main 
olfactory bulb is likely to be perpetuated in these cells and the signals that they transmit 
to the cortex as well.  The signals are modified and probably sharpened by lateral 
inhibition in the MOB. However, the OR specific nature of glomeruli suggests that the 
signals transmitted to the cortex refer to a mix of molecular features. Connectivity in the 
AOB is different than that in the mammalian MOB. Each mitral cell is connected to 
multiple glomeruli as in the olfactory bulbs of lower vertebrates, such as fish (Takami 
and Graziadei, 1991). Recently, gene targeting was used to coexpress tau-lacZ with 
individual vomeronasal receptor (V1R) genes (Belluscio et al., 1999; Rodriguez et al., 
1999). In contrast to what had been seen in the MOB, the labeled axons of neurons 
expressing the same V1R converged in 10�30 scattered glomeruli, rather than in one or 
two. The VNO map is complex and does not display the simple spatial map 
characteristics of the olfactory system. An explanation for this complexity may be in the 
fundamental nature of species-specific pheromones, which can be blends of 
compounds whose individual components are present in several species. It is possible 
that single vomeronasal sensory neurons (VSNs) function as molecule detectors, in 
contrast to ORNs that can detect specific components of a chemosensory molecule. It is 
important that innate responses to pheromones be triggered by a conspecific animal 
and not triggered by other species� similar chemicals or mixtures (Vickers et al., 1998). 
To recognize the correct pheromone mixture, the VNO may need to reject closely 
related molecules and discard more �near matches� than the more generous olfactory 
system. It may use a combination of divergent and convergent wiring (Del Punta et al., 
2002) to focus on the exact molecular composition of the mixture rather than any 
individual component, sacrificing the more global, but  fine grained discrimination 
generated in the olfactory bulb where hundreds to thousands of axons each expressing 
the same OR converge onto a single glomerulus (Ressler et al., 1994a, b) (Mombaerts 
et al., 1996) (Wang et al., 1998) and hundreds of thousands of glomeruli provide 
information on subtly different molecular features. 

An example of this type of processing comes from experiments conducted by Del 
Punta et al., (2002). They genetically deleted 12% of the genes within the V1R family 
and found deficits in a subset of VNO dependent behaviors, as though particular 
molecules could not be recognized. For example, mutant males had decreased sexual 
motivation and mutant females displayed a reduced level of maternal aggression (Del 
Punta et al., 2002). In insects and probably mammals, pheromones often consist of 
blends of compounds that must be present in carefully balanced ratios to elicit distinct 
behaviors (Hildebrand, 1995) (Sorenson et al,.1998). Deletion of receptors involved in 
identifying particular molecules would disrupt behaviors for which the pheromone blend 
included that molecule, but would leave other unchanged. The deletion of some, but not 
all members of the V1R family may have changed the representation in the brain of 
some blends where individual components could not be recognized, but may have left 
the representation of other blends unchanged because none of those components was 
affected. Deletion of a subset of genes may simply delete some behaviors and result in 
phenotypes that are different from those produced by VNO removal, a total receptor 
deletion or a global deficiency in cell signaling, such as reported in Trp2 knockout mice 
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(Leypold et al., 2002) (Stowers et al., 2002). A partial deletion in the olfactory system 
would degrade the representation of molecules by eliminating information on some 
molecular features, but would not make any individual molecule unrecognizable. 
 It the VN system is set up to identify molecules present in pheromones blends, 
the amygdala may integrate that information to recognize the blend as a combination of  
specific molecules. 

 
 

Future Directions 
 
 

An important question arises from the work described in this dissertation:  Is this 
phenomenon specific to male hamsters or is it a general function of the amygdala? This 
issue could be addressed by using similar methods in mice or other animals tested with 
stimuli that would be conspecific and heterospecific for this species. I tried to do this 
experiment, and was only able to extract a limited amount of data because the  mice did 
not pay attention to stimuli on cotton swabs. The mice also showed �freezing� and 
possibly distress responses when exposed to male flank gland secretion from hamsters. 
Other species are that are also dependent on the VNO for mating or other social 
behaviors such as voles would also be a good animal to test. We would also like to 
investigate responses in female hamsters and castrated male hamsters to determine if 
there is steroidal influence on the neural responses in medial amygdala as well as the 
behavioral responses to the stimuli. Finally, I would like to test all of these stimuli in 
sexually experienced  males. 

As discussed at length above, I would also like to measure Fos/ FRAs 
expression in male hamsters exposed to the known  �pheromonal� components of 
mouse urine and HVF. I predict that responses in the AOB may be more restricted if 
hamsters are only given access to the �mouse-specific� stimuli. 

Another important question arises from differences in pattern of activation with a 
category of stimuli (conspecific and heterospecific). It would be interested to determine 
how IEG responses are distributed within the GABA or GABA receptor cell populations 
in the medial amygdala and ICN that express different calcium binding protein.  

The involvement of the ICN in the categorical processing of chemosensory 
signals in the medial amygdala has interesting implications for other potential circuits 
within the amygdala that may modulate responses to these chemosensory signals. The 
lab is currently using DiI injections into the ICN and medial amygdala to find other 
potential connections. 

 
 

Conclusions 

 
An important aspect of adaptive behavior is the ability for an animal to 

discriminate members of its own species (conspecifics) from members of another 
species (heterospecifics). This discrimination is important, particularly in reproductive 
interactions when it would not be beneficial for a male of one species to mate with a 
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female of another species. Here, I provide the first evidence that the medial amygdala 
uses vomeronasal chemosignals to discriminate species.  In male hamsters, this 
discrimination was apparent when looking at responses in anterior and posterior medial 
amygdala (MeA and MeP). Here, MeP only responded to conspecific chemosignals and 
not heterospecific chemosignals from mice or cats.  The anterior medial amygdala did 
respond to both categories of chemosignal, indicating that it was �informed�, probably by 
AOB about all of the stimuli. Because MeA gets all of the information and is the main 
relay of chemosensory input to MeP, I propose that it may be the site of �evaluation.�  
MeA may recognize patterns of input that  are �correct� and reject all other patterns. 
One possibility was that the AOB may be doing the �evaluating� and then send different 
patterns of input to MeA that are already �categorized�. We have evidence that this is 
not the case. Previous experiments using artificial stimulation of the vomeronasal 
system which non-selectively increased all output to MeA showed this categorical 
response: MeA was activated and MeP was not activated as much.  

I found evidence for involvement of an intra-amygdaloid inhibitory circuit including 
an inhibitory groups of cells, the intercalated nucleus (ICN) which responded 
categorically to conspecific and heterospecific stimuli. There was a reciprocal 
relationship between responses in MeP and caudal ICN (ICNc). Further investigation 
revealed that activation in ICNc was in phenotypically GABA immunoreactive (+) cells. I 
also found that activation in MeP with heterospecific stimuli was selectively suppressed 
in cells that were phenotypically GABA-Receptor (+). This suppression below control 
was greater in cells with GABA-R (+), than in cells that were GABA-R (-), suggesting 
selective GABA inhibition.  

Based on these data, I have proposed a potential circuit in which MeA 
recognizes a pattern of input  from AOB as �expected� or �unexpected,� and then 
activates ICNc when the pattern is not recognized as �expected�. The activation of 
GABA (+) cells in ICNc then inhibits cells with GABA-R (+) in MeP.  Other potential 
mechanisms were investigated, but none were supported by the data. 

We also found the within the conspecific stimuli, there was a difference in the 
phenotype of activated cells. Once �informed�, it appears that MeP then discriminated 
among the conspecific stimuli. This pattern makes sense because the conspecific 
stimuli that we tested do regulate different aspects of adaptive behavior. The difference 
in pattern may reflect different out put from MeP more these different behaviors. 

Distinguishing species/social relevance and integrating that with hormonal state 
is an important function that is appropriate for the amygdala (evidence from the 
literature) and in many species (especially hamster) relies on chemosensory info. This 
dissertation proposes, and provides evidence for, a piece of the mechanism by which 
the amygdala accomplishes the function.   
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