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Abstract

Chemosensory stimuli from conspecific and heterospecific animals, elicit categorically different
immediate-early gene response-patterns in medial amygdala in male hamsters and mice. We
previously showed that conspecific signals activate posterior (MeP) as well as anterior medial
amygdala (MeA), and especially relevant heterospecific signals such as chemosensory stimuli
from potential predators also activate MeP in mice. Other heterospecific chemosignals activate
MeA, but not MeP. Here we show that male hamster amygdala responds significantly differentially
to different conspecific signals, by activating different proportions of cells of different phenotype,
possibly leading to differential activation of downstream circuits. Heterospecific signals that fail to
activate MeP do activate GABA-immunoreactive cells in the adjacent caudal main intercalated
nucleus (mICNCc) and elicit selective suppression of MeP cells bearing GABA-Receptors,
suggesting GABA inhibition in MeP by GABAergic cells in mICNc. Overall, work presented here
suggests that medial amygdala may discriminate between important conspecific social signals,
distinguish them from the social signals of other species and convey that information to brain
circuits eliciting appropriate social behavior.
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In many mammals chemosensory communication is important for regulating complex social
behaviors, such as interaction among conspecifics prior to mating, and marking territory
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(Halpern, 1987; Meredith, 1998; Tirindelli et al., 1998; Keverne, 1999, Brennan, 2010).
These signals must be distinguished from each other and from potentially similar signals of
other species. In rodents, many conspecific and heterospecific chemical communication
signals (including pheromones) are detected by the vomeronasal, or accessory-olfactory,
system (Scalia and Winans, 1975; Johnston, 1998, Samuelsen and Meredith 2009b, Kaur et
al 2014, Dey et al 2015) - but the main olfactory system can also detect some chemosignals
used for communication (Meredith 1998, Schaal et al 2003, Baum and Kelliher 2009,
Matsuo et al 2015 Govic and Paolini 2015, Perez-Gomez-et al 2015), possibly including
some non-volatile stimuli (Spehr et al 2006). Both systems send afferent inputs to the
amygdala which terminate mainly in separate, but adjacent nuclei (Cadiz-Moretti et al 2014,
Perez-Gomez et al 2015). Vomeronasal sensory neurons and accessory-bulb neurons can
both be highly selective in their responses to chemosensory stimuli (Leinders-Zufall et al
2000; He et al 2008; Kaur et al 2014; Ben-Shaul et al 2010) but all the nasal chemosensory
information streams relevant for social and defensive behavior converge in the amygdala, the
subject of the present study. The vomeronasal system projects via accessory olfactory bulb
(AOB) to anterior (MeA) and posterior medial amygdala (MeP) (Scalia and Winans, 1975;
Kevetter and Winans, 1981a, b; Cadiz-Moreti et al 2014). The olfactory system projects via
main olfactory bulb (MOB) to regions of the olfactory amygdala and piriform cortex
(Kevetter and Winans, 1981b; Coolen and Wood, 1998), with onward connections to medial
amygdala (Coolen and Wood 1998; Keshavarzi et al 2015). There are also minor but
potentially important direct projections from MOB to medial amygdala (Kang et al 2011,
Thompson et al 2012). We previously reported categorical responses to several
chemosensory stimuli in rodent medial amygdala (Me) in hamsters and mice. In male
hamsters, exposure to conspecific stimuli, used as social signals by other male and female
hamsters, increased immediate early gene (IEG) activity in MeA and MeP. In contrast,
chemosensory stimuli from mice and other (heterospecific) species, less relevant to
hamsters, only activated MeA, and not MeP; and no similar categorical pattern was seen in
the IEG responses of the AOB (Meredith and Westberry, 2004). In mice, the categorical
patterns of response were preserved but with the conspecific pattern now elicited by mouse
stimuli (Samuelsen and Meredith 2009a). Olfactory input to MeA was not critical for this
pattern of activation in hamster medial amygdala (Meredith and Westberry, 2004). The
failure of heterospecific stimuli to significantly activate MeP coincided with activation of the
caudal main intercalated nucleus cell-group (mICNCc) adjacent to MeP (Meredith and
Westberry, 2004). This is one of several dense clusters of small GABAergic cells in between
the main amygdaloid nuclei. The paracapsular ICN cell clusters are important in stimulus
evaluation by the amygdala fear-conditioning circuits in which they appear to inhibit output
cells in their adjacent principal amygdala nuclei, the basolateral and central nuclei
(Marowsky et al., 2005; Pape, 2005; Pape and Pare 2010; Busti et al., 2011). We have
suggested a similar relationship between mICNc and the medial amygdala (Meredith and
Westberry 2004) with which our findings here are consistent. We have preliminary brain-
slice electrophysiological evidence for a functional inhibitory connection from mICNc to
MeP (Biggs et al 2014). The similarity in the intra-amygdaloid circuits involved in fear
conditioning and those explored here for chemosensory evaluation in medial amygdala, as
well as their similar modulation by dopamine (Biggs et al 2014) suggests that the
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organization of amygdala circuits may involve two (or more) similar circuit modules which
perform different functions by virtue of their different input and output connections.

Here, we investigate the phenotype of activated (IEG-expressing) cells in male hamster MeA
and MeP for additional evidence that different ecologically-relevant chemosignals activate
different patterns of responses in medial amygdala. We used double-label
immunocytochemistry for Fos-related antigens (FRAs) and GABA, or for FRAs and
GABAa-Receptor (GABA-R), to show differential activation of different cell-types within
medial amygdala by different stimuli. We also show that activation of GABA-
immunoreactive (-ir) cells in mICNc by heterospecific stimuli coincides with reduced
activation of MeP and selective suppression of MeP cells that express GABA-R; suggesting
that mICNc inhibits MeP contributing to the stimulus-characteristic patterns in medial
amygdala.

These data suggest that GABA circuits, including mICNc, contribute to characteristic
patterns of response to socially relevant stimuli in medial amygdala in hamsters and that the
medial amygdala may be responsible for discrimination of critical chemical-communication
signals.

2. Experimental Procedures

2.1 Animal Care and Housing

All animals used in these experiments were sexually naive adult (2-3 month old) male
golden hamsters (Mesocricetus auratus), bred in our laboratory or ordered from Charles
River Laboratories (Wilmington, MA), 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. On the day before
stimulus exposure, each male hamster was separated from its cage mates and housed alone.
All animal use was approved by the Institutional Animal Care and Use Committee of Florida
State University

2.2 Collection of Stimuli

The stimuli described here were collected in the same manner for all of the experiments.
Female hamster vaginal fluid (HVF) 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 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 w/w with distilled water, centrifuged to remove
solids and stored at —20°C. Flank Gland Secretion (FGS) was collected from both male and
female hamsters. Male and female FGS (mFGS, fFGS) were 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 males were not cage or litter mates of the test animals. Each stimulus
swab had FGS from 3 different donors. Female FGS was collected from naturally cycling
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females on the day of behavioral estrous. Both male and female FGS was collected
immediately before each test exposure. Male and female mouse urine (m/fMU) was
collected from several (5-6) male or female mice placed in a metabolic cage overnight.
Female donor mice were naturally cycling, but were not separated according to different
estrous stages. Fresh urine was diluted 1:10 with distilled water and stored frozen. On the
day of testing, frozen liquid stimuli were thawed and 200 ul was added to a cotton swab for
each presentation. The test males in these experiments had no previous experience with or
exposure to any of the heterospecific stimulus materials, no contact with female stimuli
since weaning and no experience or exposure to the donors of any hamster stimuli.

2.3 Exposure and Behavior Testing

Five minutes before addition of a cotton swab containing the chemosensory stimulus, male
hamsters were removed from their home cage and placed in a clean cage. Each swab was
replaced every 3 minutes for a total of 15 minutes of stimulus (or clean swab) exposure. The
animal was then returned to its home cage for an additional 30 minutes. During exposure,
we observed and used a keypad and computer to record various aspects of the hamster's
behavior such as: sniffing the swab, licking the swab, general investigation of the clean cage,
grooming, escape behavior (scrabbling up the wall of the cage), flank marking and sleep.
Stimulus investigation includes licking or other contact with the scented (or control) swab-
tip and sniffing in close proximity to it.

2.4 Tissue Processing for Double-Label Fluorescent Immunocytochemistry

Brains were labeled for GABA or GABA-R and double labeled for FRAs immuno-reactivity
to identify the phenotypes of activated cells. After stimulus exposure for 15 minutes, animals
were returned to their home cage for a further 30 minutes, then deeply anesthetized with
sodium pentobarbital (90 mg/Kg; Ovation Pharmaceuticals, Deerfield IL USA) 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-pum 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. All secondary antibodies were made in donkey so sections were blocked with
0.1 M PBS with 5% Normal Donkey Serum (NDS; Jackson Immunoresearch, West Grove
PA USA) for 1 hour. Primary antibodies were: for FRAs (Santa Cruz sc253; 1:10,000; Santa
Cruz Biotechnology, Dallas TX USA) and either a mouse monoclonal anti-GABA (Sigma
A0130, clone GB-69; 1:10,000; Sigma Aldrich, St. Louis MO USA) or an affinity-purified
goat polyclonal anti-GABAa-R (recognizing al, a2, a3, a5 subunits; Santa Cruz sc7349;
1:500). Both primary antibodies were diluted in NDS 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. The secondary antibodies, raised in donkey, were conjugated to
Alexa 594 (red) for the FRA anti-rabbit secondary (Molecular Probes A-21209; 1:500; Life
Technologies Corp., Grand Island NY USA) and Alexa 488 (green) for the GABA anti-
mouse secondary (Molecular Probes A-21202; 1:500) or GABA-R, anti-goat secondary
(Molecular Probes A-11055; 1:500). After secondary antibody incubation, sections were
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washed 3 times in 0.1 M PB, and mounted on Superfrost Plus slides (Fisher Brand) using
Vectashield Hard Mount (Vector Laboratories, Burlingame CA USA).

2.5 Counting

Sections were taken throughout the rostral/ caudal extent of the medial amygdala. For MeA,
two alternate sections were processed for either GABA and FRAs or GABAa-Receptor
(alpha 1-alpha 3) (GABA-R) and FRAs double-label immunofluorescence, such that 4
sections (100 pm) were averaged to represent total FRAs counts for MeA. For graphs
showing double-label with FRAs and GABA, the 2 GABA labeled sections (separated by
25um) were averaged together. For GABA-R data, counts for the other 2 sections were
averaged. Similarly, for MeP, four sections, located approximately 300 microns caudal to the
set of 4 sections in MeA were processed in the same way. The sections through MeP were
also the sections in which we counted cells of the intercalated nucleus (mICNc). For GABA
and GABA-R labeling, labeled cells were counted using Metamorph software (Molecular
Devices, Sunnyvale CA USA) (courtesy of Dr. Marc Freeman) and a monochrome camera
with filters of the appropriate wavelength for the two fluorophores. All densely FRA-labeled
nuclei (red filter) and all densely labeled cell bodies (green filter) were counted to generate
numbers of FRAs-activated cells and numbers of GABA-ir or GABA-R-ir cells within the
outlines of each anatomical nucleus of interest (MeA, MeP, mICNCc). For double-label
counts merged (red plus green) images taken with a 20X power objective were closely
inspected and all apparent double-labeled cells were recorded and marked. Each area of the
nucleus of interest was then reexamined in the original section, using a 40X objective and
focusing up and down to determine whether ambiguous double labeling was actually in the
same cell or due to superimposition of more than one cell. Erroneous counts were removed
from the total. Examples of images from sections processed for double immunofluorescence
are in Figure 1 and show double and single labeled cells.

2.6 Statistical Analysis

Three types of ANOVA were used to analyze the data. For the initial comparison of
responses to different stimuli across amygdala sub-areas, a two-way repeated-measures
(RM) ANOVA compared numbers of densely FRAs-immunoreactve cells in each subarea
(Area) for each stimulus (Exposure). For comparison of responses of cells of different
phenotype within an area, a two-way RM ANOVA compared numbers of cells with dense
FRAs-ir of each cell-type (Phenotype) for each stimulus (Exposure). RM ANOVAS were
used for the analyses which include area or phenotype as a factor because all areas were
present in each animal and both phenotypes were present in the same areas, so different
areas or different phenotypes were not fully independent. Differences in FRAS expression
between different brain areas in response to the same stimulus are not meaningful by
themselves, because the areas differ in size and cell packing. However, the interaction
between Exposure and Area indicates a difference between areas in the re/ative response to a
given set of stimuli. Exposure was a factor for all analyses because we were primarily
interested in differences in responses to the different stimuli — within and across areas or
cell-phenotypes. Tukey posthoc tests were used to reveal significant differences between the
response of a cell-type (or all FRAs(+) cells for Fig 2) in a specific brain-area to each
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stimulus, compared to the response to clean control-swabs in the same phenotype cells in the
same brain area (asterisks in Figs 2-4,).

3. RESULTS

3.1 Activation of cells of all phenotypes: (Total numbers of FRAs(+) cells)

Male hamsters were exposed to one of the following stimuli: Control clean swabs (n=13),
HVF (n=12), fFGS (n=6), mFGS (n=15), fMU (n=7) or mMU (n=12). All animals
investigated the stimulus swab for at least 10% of the time available and mean stimulus-
investigation time was higher for all stimuli than for clean control swabs (one-way ANOVA
p<0.01). There were no significant differences between mean investigation time for the
different stimuli so no indication that differences in investigation could account for
differences in FRASs expression. Extra animals were incorporated in groups exposed to HVF,
mFGS and mMU as these stimuli seemed likely to carry the most diverse social messages.
Groups exposed to fFGS and fMU were smaller but limiting the number of animals did not
result in more variable neural responses for these groups (see graphs).

To determine the number of activated cells regardless of cell phenotype (Fig 2), we counted
the number of FRAs(+) cells in four 25um sections through each area of interest; two
processed for FRAs and GABA-ir (data in Fig. 3) and two processed for FRAs and GABA-
R-ir (data in Fig. 4). The average of total FRAs expression summed for these 4 sections is
represented in Fig.2. A Two-Way RM ANOVA comparing “Area” (MeA, MeP, and mICNc)
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). The
significant main effects and interaction indicate that responses to chemosensory stimuli
differed, in part, because the pattern of cell-activation across brain areas differed for
different stimuli. As we have previously demonstrated, male hamsters that were exposed to
any of the chemosensory stimuli (conspecific or heterospecific) had significantly more FRAs
expression in MeA than clean-swab controls (p< 0.001 for all groups: asterisks on the graph
in Fig. 2). In contrast, 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. These results using FRAs-ir and double-labeled tissue are
essentially the same as we reported previously, using FOS or FRAs activation (Meredith and
Westberry, 2004).

Also as in the previous report, FRAs expression in the mICNc of males exposed to HVF or
fFGS was slightly lower than in the mICNc of males exposed to clean swab controls (Fig.
2). However, exposure to either of the heterospecific stimuli significantly activated FRAs
expression in the mICNc above the level in clean swab controls (p< 0.001 for both fMU and
mMU), and in both cases associated with the suppression of response in MeP, compared to
controls. One conspecific stimulus, mFGS, elicited significant mICNc activation (p=0.001)
but was not associated with suppression of MeP (see further information below).

3.1.1 Activation of GABA(+/-) cells—As described above, male hamsters that were
exposed to each of the chemosensory stimuli had significantly increased FRASs expression in
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MeA, but only those exposed to conspecific stimuli had increased FRAS expression in MeP.
However, there were significant differences in the pattern of activation across cell
phenotypes that distinguished responses to different conspecific stimuli. Both GABA-ir cells
(GABA(+)) and non-GABA-ir cells (GABA(-)) had significantly increased FRAS activation
in one or both areas with exposure to some stimuli, as did GABA(+) cells in the mICNc. To
determine differences between exposure and phenotype, we ran separate two-way ANOVAs
for each brain area (MeA, MeP or mICNc).

In MeA, there was a significant main effect of exposure (p<0.0001; F=6.329, df=5, 28) and a
significant interaction (p=0.001; F=5.521,df= 5, 28), but no significant overall effect of
phenotype (Fig. 3A). These results indicate that FRAs-expression responses to the range of
stimuli were different in GABA(+) or GABA(-) cells, but that there was no overall
difference in levels of activation of the two phenotypes. Tukey posthoc tests revealed that
FRAs expression in males exposed to the conspecific stimulus, HVF, had dense FRAS
expression in significantly more GABA(-) cells than GABA(+) cells (p>0.01; Fig 3A), as
well as significantly more activated GABA(-) cells than in control males exposed to clean
swabs (p=0.006; * in Fig 3A). On the other hand, male hamsters that were exposed to either
heterospecific stimulus had significantly more FRAs activated GABA(+) cells than
GABA(-) cells (p<0.001; Fig 3A). For animals exposed to male mouse urine (mMU) there
were significantly more activated GABA(+) cells than in controls (p<0.002) (Fig. 3A).

In MeP, there were differences in the pattern of activation in cells of different phenotype,
although there were no significant differences between total FRAs expression for the three
conspecific stimuli (see Fig. 2). 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), indicating that responses to different stimuli
differed in the relative activation in cells of different phenotype as well as in the overall
increase in FRAs compared to control. Males exposed to HVF had significant FRAs
activation in GABA(-) cells in MeP (p<0.001 compared to CS), while the other conspecific
stimuli activated more GABA(+) cells. mFGS activated GABA(+) cells almost exclusively
and significantly more than control (p=0.03). The activated cells were predominantly in
ventral MeP (see discussion). Exposure to the heterospecific chemosensory stimuli did not
increase FRAS expression in MeP overall (Fig. 2), or in either the GABA(+) or GABA(-)
sub-population (Fig. 3B).

In mICNc, as expected, there was significant FRAs activation in GABA(+) neurons in males
exposed to either of the heterospecific stimuli (Fig. 3C). These were also the groups that did
not have significant FRASs activation in the adjacent MeP. For the female conspecific stimuli
(HVF and fFGS), FRASs activation in GABA(+) cells was lower than in clean swab controls,
although not significantly so here. In mICNc, 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). There were no significant effects
among the few GABA(-) cells in mICNc. One conspecific stimulus, mFGS, also activated
FRAs in GABA(+) cells in the mICNc without suppression of MeP, but the pattern of FRAS
expression in MeP was different than with the other conspecific stimuli (see above and
discussion).
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3.1.2 Activation of GABA-Receptor (+/-) cells—Increased FRAs expression in
cells bearing GABA-Receptors shows activation of cells that could have been suppressed by
GABA inhibition but were not. Thus a decrease compared to control in the activation of
GABAa-R (+) cells may be evidence of GABA inhibition. To examine the possibility that
GABA inhibition shapes the pattern of medial amygdala activation by different stimuli, we
analyzed FRAs expression in MeA and MeP in response to representative stimuli. The
average total number of GABA-R (+) cells (activated or not) was very similar across all
exposure groups for both MeA and MeP (not significantly different; p>0.05), as indicated by
numbers on the graphs in Fig. 4. These graphs show activation of FRAs(+) cells of GABA-
R(+) and GABA-R(-) phenotype in MeA (Fig. 4A) and MeP (Fig. 4B).

Within the MeA overall, there was a significant main effect of phenotype (p=0.0035; F=
9.405; df= 1, 25) and exposure (p=0.003; F=5.768; df=5, 25) and a significant interaction
(p=0.03; F=2.701; df=5, 25). All stimuli activated GABA-R(-) cells (p < 0.05), and fFGS
(p=0.01), mFGS (p< 0.001) and fMU (p= 0.03) also activated GABA-R(+) cells. HVF and
mMU did not excite GABA-R(+) cells above control level but these potentially inhibitable
cells were not suppressed below control level either so there is no clear evidence for GABA
inhibition within MeA as part of the response pattern for any stimulus (Fig. 4A). GABA(+)
cells were activated in MeA (see above) and their local action on GABA-R(+) cells may
have reduced excitation by some or all stimuli but we cannot see that effect here. The
relative levels of activation of GABA(+) and GABAR(+) cell activation within MeA does
not show a reciprocal variation across stimuli that might suggest a predominant local
interaction

Within the MeP, there were significant and dramatic differences in FRAs activation of
GABA-R(+) cells between exposure groups. Male hamsters exposed to heterospecific
stimuli had significantly fewer activated GABA-R(+) cells than males exposed to clean swab
controls (p= 0.001 for both fMU and mMU; #). Males exposed to conspecific stimuli had
significantly more FRAs activated GABA-R(+) cells in MeP (p< 0.001 for HVF and fFGS;
p=0.01 for mFGS) (Fig 4B). These cells had the potential to be inhibited but, with medial
amygdala activation by conspecific stimuli, inhibitory circuits were apparently not engaged.
These data suggest that the suppression of activation in MeP with heterospecific stimuli may
be due to GABAergic inhibition; possibly from the adjacent mICNc, as described above.

In MeP, there was a significant main effect of exposure (p< 0.0001, F19.634, df=5, 25) and
a significant interaction (p< 0.0001, F= 6.251, df= 5, 25), but no significant main effect of
phenotype (There was less activation of both types of cells by heterospecific, compared to
conspecific stimuli). However, GABA-R(-) cells were activated significantly above the very
low control (CS) baseline (p<0.05; Tukey posthoc tests). Thus, GABAR(+) cells in MeP
were selectively suppressed by heterospecific stimuli, as would be expected if they were
actively inhibited by GABA. However, the GABA-R(-) cells were activated by the same
heterospecific stimuli. Neither of these responses made any distinction between the two
heterospecific stimuli.

The relative numbers of activated cells of various types suggest many GABA-R(+) (and
GABA-R(-)) cells are also GABAergic, but there was no increase from baseline in the
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numbers of MeP GABA (+) cells activated by heterospecific stimuli (Fig 3B) and, thus, no
clear evidence for the selective inhibition of GABA-R(+) cells by the activation of local
GABA(+) cells. Equally, as in MeA, the relative levels of FRAs expression of GABA (+)
and GABA-R (+) cells across all the various stimuli, either within MeP or between MeA and
MeP, does not show the reciprocal relationship that would suggest that the GABA (+)
population had a predominant inhibitory action on the GABA-R (+) cells.

4 Discussion

4.1 Summary

As previously reported, medial amygdala in male hamsters distinguished categorically
between conspecific social chemosensory signals and heterospecific signals, used by other
species for similar types of communication. Conspecific stimuli activated both MeA and
MeP but heterospecific stimuli activated only MeA (and mICNCc) but not MeP. Here we use
double-label immunocytochemistry to show co-expression of immediate-early genes (FRAS)
together with either GABA-ir(+/-) or GABA-Receptor-ir(+/-). The results reveal that
subpopulations of medial amygdala cells distinguish in their responses between different
ecologically-relevant conspecific signals carrying potentially different social messages.
These differential responses could engage downstream circuits responsible for an
appropriately differential behavioral response to different conspecific signals. Additionally,
GABA-R(+) cells in MeP were selectively suppressed by heterospecific stimuli, which all
also activated GABA(+) cells of the adjacent mICNc - as predicted by our hypothesis that
MeP is generally suppressed by heterospecific stimuli via GABA inhibition from mICNc.
Heterospecific stimuli appear to be detected and distinguished categorically from
conspecific stimuli but appear not to be distinguished from each other. Thus, amygdala
processing may be sufficient for the selection of appropriate behavioral response or to avoid
inappropriate response to both conspecific and heterospecific stimuli.

4.2 Medial amygdala distinguishes between responses to conspecific stimuli

There were no differences in total FRAs expression in MeP between animals exposed to
various unfamiliar conspecific stimuli, here or previously (Meredith and Westberry, 2004).
However, when the responses of cells of different phenotype are separated, there are
distinctive patterns for different conspecific stimuli among GABA(+/-) cells and among
GABA-R(+/-) cells. For example, HVF significantly activated GABA(-) cells, whereas
mFGS elicited significant FRAs activation in GABA(+) cells in MeP. The fFGS response
was similar to mFGS here, although not significantly different from control, possibly due to
smaller numbers animals in this group. In other populations and other brain areas mFGS and
fFGS responses are not similar. Overall, the patterns of response of both GABA(+/-) cells
and of GABA-R(+/-) cells in MeA or in MeP (or a combination of all 4 phenotypes) differ
significantly between conspecific stimuli when comparing the average numbers of activated
cells of each phenotype (relevant bars in Figs 3 and 4) in a Chi2 analysis. These numbers are
all independent observations but we suspect that some categories overlap. Some GABA(+)
cells may also be GABAR(+), for example (see below). A more unambiguous analysis
combines GABA(+/-) cell responses in MeP with GABA-R(+/-) cells in MeA. There is no
overlap in phenotype here and patterns of response to different conspecific stimuli are
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significantly different (Chi2 = 64.209; dF= 6; p<0.001). The heterospecific chemosensory
stimuli produced no overall increase in FRAs in MeP, and also selectively suppressed
GABA-R(+) cells. These same stimuli activated GABA-R(-) cells in MeP but not
sufficiently to relieve the overall suppression of MeP and not differently for the stimuli
tested. Test animals had no previous experience with the heterospecific species and no
experience with the donors of conspecific stimuli. Thus, these appear to be responses to
categories of stimuli, not to individuals. MeA, which has particularly strong chemosensory
input (Maras and Petrulis 2010a,b), does respond to all stimuli so activation of
subpopulations there might also initiate differential output to MeP However, MeA showed
no clear differential responses within the GABA(+/-) cell-types and the level of activation of
GABA(+) cells by heterospecific stimuli is similar to that for mFGS. Thus, there appear to
be no selective increase of MeA GABAergic cell activation that might have suggested that
heterospecific stimuli selectively suppress MeP by activating GABAergic cells in MeA.

Chemosensory responses in mouse medial amygdala are similarly organized (Samuelsen and
Meredith, 2009a) but with “heterospecific” patterns elicited by hamster stimuli and
“conspecific” patterns by mouse stimuli. However, there may be circuit or sensitivity
differences between species. The principal female chemosignal for hamsters (HVF) activates
predominantly GABA(-) cells in male hamster MeP (Fig 3), distributed between dorsal and
ventral MeP. Choi et al, 2005, reported that the principal female chemosignal for mice
(fMU) activates a group of putatively GABAergic cells in male mouse dorsal MeP that
express the LHX6 (LIM-homeodomain) gene. These cells do connect to reproductive
circuits in hypothalamus but it is not clear that they are the predominantly activated cell
type. The same (fMU) stimulus activates both dorsal and ventral MeP in mice (Samuelsen
and Meredith 2009, Carvalho et al 2015), although with a bias towards dorsal activation. For
male-male communication, mMU activates predominantly ventral MeP in male mice
(Samuelsen and Meredith, 2009a). In male hamsters, the male stimulus, mFGS, also
activates predominantly ventral MeP (JM Westberry and M Meredith, unpublished
observations). The male (mFGS) signal in a third species, mandarin voles, failed to
significantly activate medial amygdala, possibly reflecting social structure differences from
other rodents (He et al 2014). Threatening heterospecific (cat; predator) stimuli generally
activate ventral MeP in mice (Samuelsen and Meredith 2009b, 2011; Perez-Gomez et al
2015) and rats and are avoided by both species (Dielenberg et al 2001; Govic and Paolini
2014). In mice, Carvalho et al did not find a predominant ventral activation in mice by
predator stimuli, nor any general distinction between areas activated by conspecific stimuli
as a class (pooled data for male and female stimuli) compared to heterospecific stimuli. In
electrophysiological-unit recordings, Bergan et al 2014, found some overlap in responses to
male, female and predator stimuli but with distinguishable overall patterns. Mice have a
remarkable variety of receptors selective for stimuli from different types of predators, in the
VNO (Isogai 2011; Papes et al 2010) and in other chemosensory pathways, converging in
ventral MeP (Perez-Gomez et al 2015, Carvalho et al 2015). Interestingly, hamsters show
neither avoidance of predator stimuli (cat collar, cat urine) nor activation of MeP (CB Blake
and M Meredith, unpublished observations).

Our data suggest MeP could function to distinguish between conspecific stimuli and to
discriminate between conspecific and heterospecific signals. Although there are no absolute
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differences between areas of medial amygdala activated by different stimuli, the differences
in activation of different cell-types and the larger differences between MeA and MeP for
heterospecific stimuli represent information important for behavioral response. Output from
MeP together with MeA could thus, initiate appropriate behavioral and physiological
responses via their selective connections to circuits in medial preoptic and hypothalamic
areas (Choi et al 2005; Been and Petrulis 2011, 2012; Lin et al 2011).

4.3 Overlap of GABA-ir and GABA-Receptor-ir cell types

We did not attempt triple-label immunocytochemistry for FRAs, GABA and GABA-R in the
same section so we cannot say how many cells that expressed both GABA-ir and GABA-R-
ir were activated by a given stimulus. However, an estimate can be made. If there were no
overlap, the GABA(+) and GABA-R(+) cells would be equal to or less than the total number
of FRAs-activated cells in a section (there may be activated cells that are neither). Assuming
activation of GABA cells in the GABA-R-labeled sections is similar to that observed in the
adjacent GABA-labeled sections, the degree of GABA/GABA-R overlap can be estimated
by comparing the sum of GABA(+) and GABA-R(+) cells (per section) in the interleaved
sets of sections with the total number of FRAs-activated cells (per section) in either set (the
total numbers of FRAs-labeled cells is similar). Using this method, the sum of GABA(+)
and GABA-R(+) cells exceeded the total number of FRAs activated cells in both sets of
sections in several cases. For mFGS-exposed animals, this estimated overlap was 20-30% in
both MeA and in MeP, and about 20% for both heterospecific stimuli in MeA only.
Interestingly, there was more than 30% overlap for the smaller total numbers of cells
activated in controls. There was essentially no overlap by this measure for HVF responses in
either MeA or MeP, for both heterospecific stimuli in MeP and for fFGS responses in MeA.
To the extent that these estimates reflect actual coexpression, this analysis is further evidence
for differential response to the different stimuli.

4.4 Mechanisms for categorical response include a mICNc contribution

Male hamsters exposed to heterospecific chemosensory stimuli had no significant overall
response in MeP, with increased expression in GABA(+) cells of the adjacent mICNc, as
predicted. The null response in MeP was due to a significant suppression of GABA-R(+)
cells. Unexpectedly, there was also activation of MeP GABA-R(-) cells. Thus,
heterospecific stimuli, as well as different conspecific stimuli, may generate a distinctive
output from MeP. mICNc is well placed to inhibit MeP in a manner similar to the action of
the paracapsular ICN cells on lateral/basolateral and central amygdala nuclei of the fear
conditioning circuit (Pape and Pare 2010). Here, as in previous studies (Meredith and
Westberry 2004), mICNc may be suppressed compared to control by HVF (Fig 3C), so a
bidirectional modulation of mICNc could contribute to patterns of MeP response for both
conspecific and heterospecific stimuli. There are other possible inhibitory inputs to MeP
besides mICNc that could be responsible for its suppression during heterospecific
stimulation, including GABAergic projections from MeA (but see above), or from
basomedial or other amygdala regions, if connections are similar to those in the rat (Pitkanen
2000). There are also potential modulatory influences from medial prefrontal cortex
connections to medial amygdala (as well as to intercalated cells) (Pape and Pare 2010) and
from dopamine (Marowsky et al 2005). The potential complexity of influences on MeP and
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mICNc means we should not expect a rigid reciprocal activation. However, the coincidence
of a general increased activation of mICNc GABA(+) cells with suppression of GABA-R(+)
cells in MeP during heterospecific stimulation is striking (and is also seen with male cat
stimuli). Preliminary in vitro electrophysiological evidence suggests both excitatory and
inhibitory functional connections from MeA to mICNc (and to MeP), as well as inhibitory
connections from mICNc to MeP (Biggs et al 2014). There does seem to be a generally
reciprocal relationship between mICNc activation and suppression of GABA-R(+) cells in
MeP by heterospecific stimuli.

One conspecific stimulus, mFGS, activated both mICNc as well as MeP but overwhelmingly
in MeP GABA(+) cells unlike MeP responses to other conspecific stimuli; and without
suppression of GABA-R(+) cells, unlike responses to heterospecific stimuli. GABAergic
cells may be projection neurons in MeP (Bian et al 2008; Keshavarzi et al 2014). Thus, a
different set of MeP cells, less susceptible to mICNc inhibition, may be responsive to mFGS
and some or all of these cells may be output cells. Male odors also activate mainly GAD(+)
cells in rat MeP (Donato et al 2010) and these competitive, potentially threatening stimuli
could activate different downstream circuits than other conspecific stimuli. Among the many
GABA-ir or GAD-ir cells in MeP (and MeA), some are interneurons and may provide
feedforward inhibition of principal cells (Keshavarzi et al 2014). However, within MeP (or
within MeA) the activation of local GABA(+) cells does not seem to predict a general
suppression of GABA-R(+) cells in the same subnucleus, so any contribution of local
interneurons to the response patterns that distinguish conspecific stimuli is not evident in our
data.

Overall, the responses in MeA and MeP in combination with mICNc indicate sensory
processing in the amygdala that provides information important for the selection of
appropriate behavioral response to social signals, and within amygdala areas that project to
basal forebrain regions critical for those behaviors.

4.5 Conclusions

Overall, we show that categorically different response patterns elicited in medial amygdala
by conspecific and heterospecific stimuli (Meredith and Westberry, 2004) (Samuelsen and
Meredith, 2009a) are composed of separate patterns in GABA-ir and in GABA-Receptor-ir
cells, especially in posterior medial amygdala (MeP). These separate patterns discriminate
between different stimuli within the conspecific category and distinguish conspecific from
heterospecific stimuli, likely in part, due to selective inhibition of GABA-R cells in MeP by
the adjacent, largely GABAergic, Intercalated Nucleus (mICNCc).
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Highlights

I. with 85 or fewer characters, as specified in the editor's letter:

Amygdala evaluates most innate or learned sensory stimuli, including
social chemosignals.

Cell-types in hamster medial amygdala (Me) discriminate same-species
(conspecific) signals.

Hetero- but not Con-specific stimuli selectively suppress posterior-Me
GABA-receptor-ir cells.

Me may, thus, elicit stimulus-appropriate social behavior via its basal
forebrain connections.

This amygdala chemosensory-circuit appears similar to that for fear-
conditioning.

I1. with 125 or fewer characters (including spaces), as specified in the current
Neuroscience Guide for Authors:

Mammalian amygdala evaluates most innate or learned sensory stimuli,
including olfactory/vomeronasal social chemosignals.

Response patterns of cell populations in hamster medial amygdala (Me)
discriminate same-species (conspecific) stimuli.

Heterospecific stimuli selectively suppress GABA-receptor-ir cells in
posterior Me, which conspecific stimuli activate.

Medial amygdala may, thus, elicit stimulus-appropriate patterns of
social behavior via its basal forebrain connections.

The chemosensory circuit is similar to that for fear conditioning,
suggesting a modular circuit organization for evaluation of diverse
stimuli.
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Highlights

. Amygdala evaluates innate/learned sensory stimuli, including social
chemosignals.

. Cell-types in hamster medial amygdala (Me) discriminate same-species
signals.

. Different-species stimuli selectively suppress posterior-Me GABA-
receptor-ir cells.

. Me may elicit stimulus-appropriate social behavior via basal forebrain
connections.

. This amygdala chemosensory-circuit appears similar to that for fear-

conditioning.
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Figure 1. Examples of labeled cells in medial amygdala and mICNc
A-C. GABA-ir cell bodies and processes (green) + FRAs expressing nuclei (red). A.

Anterior medial amygdala after exposure to HVF. Both GABA(+) (top right) and GABA(-)
cells (bottom left) are activated. B, C. GABA + FRAs label in mICNc. Smaller almost
uniformly GABA(+) cells but a few GABA(-) cells; B. Few FRAs-activated GABA(+) cells
after conspecific fFGS exposure; C. More FRAs(+)/GABA(+) cells after heterospecific fMU
exposure. D, E GABA-Receptor-ir outlining cells (green) + FRAs labeled nuclei (red) in
posterior medial amygdala. D. Many activated GABA-R(+) cells after conspecific HVF
exposure; E. Fewer GABA-R(+)/FRASs(+) cells after exposure to heterospecific mMU. Scale
bar 10 um applies to all panels.
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Figure 2. Total FRAs expression in medial amygdala and caudal intercalated nucleus (mICNCc)
Conspecific stimuli significantly activated both MeA and MeP, while the heterospecific

stimuli significantly activated only MeA and mICNc, with MeP activation not significant;
possibly suppressed. One conspecific stimulus (mFGS) also activated mICNc, but in this
case MeP was activated above clean swab (CS) control level. CS = Clean Swab; HVF =
Hamster Vaginal Fluid; f/mFGS = female/male Flank-Gland Secretion; f/mMU = female/
male Mouse Urine. Mean number + SE of FRAs positive cells averaged over 4 sections
(both sides) for each anatomical nucleus. Asterisks indicate significant differences from CS
controls (p< 0.01).

Neuroscience. Author manuscript; available in PMC 2017 September 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Westberry and Meredith Page 21

A
w 100 - MeA B GABA(-)
3 | GABA(+)
; 80 1
:
(18
(T
o
T
c
©
Q
S
(O] HVF fFGS mFGS fMU mMU
CON Conspecific Heterospecific
B
o 100 MeP * Hl GABA(-)
§ ] * GABA(+)
x
("2}
<
14
(18
L
[5)
#*
c
©
Q
E »
(OF] HVF fFGS mFGS fMU mMU
CON Conspecific Heterospecific
C
o 100 ICNc B GABA(-)
= GABA(+)
; 80 1
& 601
=
us 40 A * *
I+ *
S 204
Q ]
E 0

(O] HVF fFGS mFGS fMU mMU
CON Conspecific Heterospecific

Figure 3. FRAs activation in cells that are GABA(+/-) in Medial Amygdala
Patterns of activation of GABA(+/-) cells were different from patterns of total-FRAS

response. Mean number +SE of FRAs(+) cells for 2 sections.

A. MeA: All biological stimuli significantly activated MeA (see fig 2). One conspecific
stimulus, HVF, activated significantly more GABA (-) cells than in CS controls (asterisk)
and both female stimuli activated more GABA(-) than GABA(+) cells. Heterospecific
stimuli (fMU, mMU) activated GABA (+) cells significantly more than for CS controls, and
more GABA(+) than GABA(-) cells.
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B. MeP: HVF activated significantly more GABA(-) cells and mFGS more GABA (+) cells
than CS controls (p< 0.001). Neither phenotype was significantly activated by heterospecific
stimuli

C. mICNc: There was significant activation of GABA (+) cells above CS controls in mICNc
for all of the heterospecific stimuli and one conspecific stimulus, mFGS.
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Figure 4. FRAs activation in cells that are GABA-Receptor (+/-) in Medial Amygdala
A. MeA: GABA-R(-) cells in MeA were activated by all stimuli. GABA-R(+) cells were

activated by all but HVF and mMU. mFGS and fMU activated more GABA-R(+) cells than
GABA-R(-).

B. MeP: FRASs expression in both GABA-R(+) and GABA-R(-) cells in MeP was
significantly different than with CS controls for all stimuli. However: heterospecific stimuli
significantly suppressed GABA-R(+) cells (#; suggesting GABA inhibition) - and
significantly activated GABA-R(-) cells in MeP. Conspecific stimuli activated both
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phenotypes. Mean total numbers of GABA-R(+) cells are shown for each area below the
bars in the graph.
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