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Abstract

Structural modifications in the dendritic morphology of neurons occur following many forms of
experience, including exposure to drugs, complex housing, and training in specific behavioral
tasks. The present study examined morphological changes in orbitofrontal (OFC) and medial
prefrontal cortex (mPFC) neurons of female rats following experience with a variety of social
partners or non-social olfactory stimuli. We reasoned that experience with various social
partners or olfactory stimuli, and the associated behavioral adaptations, would drive structural
modifications in prefrontal cortex neurons engaged by these stimuli. Social experience was
manipulated by providing rats with a novel cage-mate or housing the animal with the same
cage-mate throughout the study. Similarly, olfactory experience was manipulated by introducing
novel, non-social odors in the home-cage or exposing the animals to the same home-cage odor
throughout the study. Both forms of experience resulted in altered dendritic morphology in

OFC neurons, whereas morphological changes in mPFC were comparatively small and limited
to changes in spine density. These observations indicate that OFC and mPFC neurons respond
differently to social and non-social olfactory stimulation in adulthood and join the growing body
of data illustrating differential effects of experience on structural plasticity in OFC and mPFC.
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The ability to recognize individual conspecifics is fundamental to mammalian social
behavior. Among rodents a primary source of recognition is olfaction, which can convey
information about individual identity including sex, social status, and reproductive state
(e.g., Brown, 1979). Social recognition memory has been linked to the amygdala and
hippocampus (Zinn et al., 2016), however, the role of frontal cortex regions in in olfactory
recognition is not well understood. One likely region is the agranular insular (Al) region of
the orbitofrontal cortex (OFC). This region receives olfactory input via the piriform cortex
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as well as through the dorsomedial thalamic nucleus (e.g., Cinelli et al., 1987; Price et

al., 1991; Uylings et al, 2003). Neuronal recordings in primates and rodents have shown
evidence of olfactory processing in the OFC (e.g., Rolls, 2014; Schoenbaum & Eichenbaum,
1995), and olfactory discrimination ability is correlated with the volume of OFC in humans
(Seubert et al., 2013). Lesions to OFC including the Al region are also known to disrupt
olfactory learning (e.g., Schoenbaum et al., 2003) and social behavior in rats, cats, and
humans (e.g., de Bruin et al., 1983; Kolb, 1974; Nonneman & Kolb, 1974; Pellis et al.,
2006; Rolls et al., 1994). For example, increased social aggression has been observed in rats
with lesions of the OFC but not the medial prefrontal cortex (mPFC; Kolb, 1974; Rudebeck
et al., 2007). Further, alterations in social investigation (anogenital sniffing) and wrestling
behavior associated with prenatal alcohol exposure in the rat have been linked to reductions
in expression of the immediate early gene Arcin Al during social encounters (Hamilton et
al., 2010), and selective blockade of GIUN2BRs in Al decreased wrestling behavior observed
in these animals (Bird et al., 2017).

The structure of neurons in the OFC is modified by a wide range of experiences including
social play (e.g., Bell et al., 2010; Burelson et al., 2016; Himmler et al., 2013) and sexual
behavior (Fiorino, 2003) so we hypothesized that social interaction, and perhaps non-social
olfactory experience, could modify neuronal morphology in OFC. Although the medial
prefrontal cortex (mPFC) does not have a known role in olfactory behavior, it does play a
role in certain aspects of play and social behavior (Bell et al., 2009; Hamilton et al., 2010;
Himmler et al., 2014; Kolb, 1974) and object recognition (Barker et al., 2007; Chao, et al.,
2016; Decoteau, et al., 2009; Spanswick and Dyck, 2012; but see Ennaceur et al., 1997).
Thus, repeated experiences with conspecifics or non-social odors could involve recognition
processes that engage mPFC neurons. Thus, we also examined neuronal structure in mPFC
for purposes of comparison.

The current study included experiments designed to assess the effects of varied experience in
domains that engage frontal cortex neurons. In Experiment 1 study female rats were paired
with new cage-mates every 2 days for 40 days and were compared to rats that were paired
with the same animals over that time. In Experiment 2 the effects of varied experience
with non-social olfactory experience were evaluated. Novel, non-social odors were placed
in cages with pairs of female rats for 48 hours and changed over 40 days as in Experiment
1. The results of this manipulation were compared to a condition in which the same odor
was present in the cage over the course of the experiment. At the end of the experiments
the brains were extracted and processed for Golgi-Cox staining and subsequent analysis of
dendritic morphology. The hypothesis that varied experience within the social (Experiment
1) and non-social olfactory (Experiment 2) domains would alter dendritic morphology of
pyramidal neurons in OFC and mPFC was tested.

Procedures

Subjects

A total of 24 female Long—Evans (hooded) rats bred at the University of Lethbridge
vivarium (originally from Charles River stock, St. Constant, Quebec) were used in this study.
All rats weighed between 200-250 g at the beginning of the study. Prior to experimentation,
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all rats were housed in groups of 3 in plastic hanging cages. The animal colony rooms
were maintained on a 12-12 hr light—dark cycle with the light cycle beginning at 0700.
All experimental procedures and housing conditions were approved by the University of
Lethbridge Institutional Animal Care and Use Committee.

Behavioral Methods

Experiment 1: Social Experience—At postnatal day 90 female rats were housed in
pairs in standard plastic hanging cages. All rats were of comparable body weight. At 48 h
intervals over a period of 40 days rats were removed from their cages and moved to clean
cages with fresh bedding, food, and water. For rats in the Control condition the cage-mate
remained the same. For rats in the Social condition the cage-mate was changed at the time of
the cage change. All cage changes occurred approximately 2-3 h after the onset of the light
cycle. The sequence of cage-mates for rats in the Social condition was determined randomly
without replacement such that each animal was housed with each of the 5 possible cage-
mates at least once before being housed with a particular cage-mate again. Over the course
of the 40 days, each rat in the Social condition was paired with each possible cage-mate 4
times. Interactions were recorded during the first 10 minutes after animals were first placed
together in the home cage (i.e., for each of the 20 cage changes). The number of times rats
engaged anogenital sniffing and wrestling was quantified. For analysis purposes wrestling
was defined as any interaction during which the partners were engaged in tumbling/rolling
or pinning the partner down, and anogenital sniffing was defined as any instance of one
animal making snout contact with the anogenital region of the partner. Videos illustrating
these behaviors are available in (Hamilton, Magcalas, et al., 2014). Average behavioral
measures during the final cage change were analyzed in separate analyses of variance
(ANQOVAS) with group as a between-subjects factor.

Experiment 2: Non-social olfactory experience—At postnatal day 90 female rats
were housed in pairs in standard plastic hanging cages with a cage-mate of comparable
weight. At 48 h intervals over a period of 40 days rats were removed from their cages and
moved to clean cages with fresh bedding, food, and water. Olfactory stimuli were included
by adding 2 drops of scented oil to a cotton swab placed inside a 50 ml conical tube

with a small hole in one end. The tube was attached to the outside of the wire top and
remained in place for the entire 48 h period (i.e., the odors remained for a total of 2 days).
Three odors were utilized (vanilla, patchouli, lavender). For rats in the Control condition the
odor remained the same throughout the 40-day period. For rats in the Olfactory experience
condition the odor was changed at the time of the cage change. All cage changes occurred
approximately 2-3 h after the onset of the light cycle. The sequence of odors for rats in the
Olfactory condition was determined randomly without replacement such that each pair of
animals experienced each of the 3 possible odors at least once before being experiencing

a particular odor again. Over the course of the 40 days, each pair of rats in the Olfactory
condition experienced each odor 6-7 times.

Anatomical analyses: At the completion of behavioral testing the rats received an overdose
of sodium pentobarbital solution (i.p.) and were intracardially perfused with a 0.9% saline
solution. The brains were extracted and placed in bottles containing a Golgi-Cox solution.
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The brains remained in this solution, in total darkness, for 14 days. Following removal of
the brains from the Golgi-Cox solution, they were placed into a 30% sucrose solution, where
they remained for at least 3 days. The brains were then sectioned at 200 pm on a Vibratome
and mounted on gelatin-coated slides for staining, as outlined by Gibb and Kolb (1998).

Analysis consisted of layer I1/I11 neurons selected from the mPFC, specifically Zilles Cg3
region, which corresponds to prelimbic cortex, and the orbital frontal cortex, defined as

the dorsal agranular insular cortex (AID, layer 11/111), as described by Zilles (1985). A
microscope mounted Camera Lucida was used to trace individual Golgi-Cox stained neurons
at 250X, and terminal segments for spine density estimation traced at 1500X. All tracings
were done by an individual who was blind to experimental conditions.

In order to be included in the data analysis, the dendritic trees of pyramidal cells had to

be well impregnated and not obscured with blood vessels or astrocytes, and the neuron had
to appear to be largely intact and completely visible in the plane of section. Measures of
neuron morphology included quantification of total dendritic branching and total length
estimated separately for basilar and apical dendritic fields. Total branch counts were
estimated using the procedure of Coleman and Riesen (1968). Branch order was determined
for the basilar dendrites such that branches originating at the cell body were first order; after
one bifurcation, second order; and so on. For apical dendrites the primary apical branch
(from the apex of the soma to the major apical branch prior to the apical tuft) was designated
order zero (not counted) and all branches emerging from the primary apical were designated
as first order. Dendritic length was estimated using a Sholl analysis (Sholl, 1981) of ring
intersections. The number of intersections of dendrites with a series of concentric spheres

at 25 um intervals from the center of the cell body was counted for the apical (inclusive

of the primary apical dendrite) and basilar fields of each cell. Total dendritic length (in
micrometers) for each field was estimated by multiplying the number of intersections by

25 and converted to mm. For each individual brain 10 neurons were drawn in each region,
with 5 tracings per hemisphere. Statistical analyses with experimental group as a single
between-subjects factor were conducted on the mean data for each region averaged across
hemispheres.

Spine density was estimated by tracing a third-order dendritic branch spanning from the
branch point to the terminal tip of at least 50 um in length (> 80 pm on average) and
marking spine locations at a final magnification of 1500X. A total of five segments per
hemisphere were sampled from both the apical and basilar dendrites. Spine density was
calculated using the number of spines per 10 um following the determination of the exact
length of the dendritic segment. Total spine numbers were estimated by multiplying the
number of total third order branches by the number of spines on the sampled third order
branches. Statistical analyses comparing the Control and Social groups were conducted on
spine density and spine number in each dendritic field after averaging across hemispheres.
Spine density and number were not measured in the olfactory experiment (2) because the
brains from this experiment were left for about 2 years after the dendrites were drawn and
there was significant fading of the spines over that time making the measurement unreliable.
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Behavioral observations

Each time cage-mates were changed there was intense social interaction, whereas animals
placed back in the same cage with the same partner showed much less social interaction.
Measurement of anogenital sniffing and wrestling showed a significant increase in the Social
change group as shown in Figure 1. An ANOVA on anogenital sniffing showed a main effect
[Social > Control; F(1,10)=16.9, p=.002, #, = 0.628] as did the effect of wrestling [Social >
Control; F(1,10)=5.66, p=.039, #; = 0.362]. There were no instances of fighting observed.

Anatomical analyses

The Golgi-Cox staining was of high quality and similar to what we have reported and
illustrated in previous studies (e.g., Kolb et al., 2003b). Representative camera lucida
drawings of layer I1/111 pyramidal neurons are shown in Figure 2.

Experiment 1—The results and statistics are summarized in Table 1. The social
manipulation increased spine number in the apical dendrites of OFC neurons, but did not
alter length, branching, or spine density in the apical field. Social experience also increased
dendritic length and branching in the basilar dendrites in OFC, but decreased spine density.
The combined increase in dendritic length and decreased spine density resulted in no overall
modification in basilar spine number in OFC. In contrast, in mPFC there were no effects on
the basilar dendrites and an increase only in spine density within the apical field.

Additional analyses were performed to further address modifications to OFC dendritic
fields and spines in the social group. Mean counts of individual branch orders (1-6+)

and the outcome of statistical tests are shown in Table 2. Compared to controls, there
were significantly more third order branches in the apical and basilar dendritic fields

of AID neurons, and significantly more fourth order branches in the basilar dendritic
field in the social group. Measurements of the length of individual third order branches
on which spines counts were performed revealed no significant group differences for
apical [M(SEM) conTror = 83.52(2.84)um; M(SEM) socya; = 84.38(1.99)um] or basilar
[M(SEM)CONTROL = 90.01(2.22)pm; M(SEM)SOC/AL = 88.58(1.56)um] dendritic fields
[both ps > 0.61]. These observations suggest that the 12.1% increase in overall basilar
dendritic length in the social group was primarily due to the 14.9% increase the number of
branches.

The increase in overall basilar length coupled with the decrease in spine density complicates
the estimation of the effect of social experience on total spine number. Spine density is
lowest at the terminal tip and increases more proximal to the branch point. The dendritic
branches sampled for the summary measures of spine density (Table 1) were > 80 um

in length and spanned from the terminal tip back to the branch point, thus, it is possible

that spine density changes following social experience varied as a function of location

on the dendritic branch. Because this, coupled with the observation of increased dendritic
length, could complicate interpretation of the summary spine density measures To further
characterize the effects of social experience on spines at various distances from the tip, the
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spine density within 10um of the terminal tip were counted, along with spine density within
two segments more distal from the tip and more proximal to the branch point (30-40um and
60-70um from the terminal tip; see Figure 3). We note that all these dendritic segments were
calculated directly from the same drawings used for spine density summary measurement
for which total reduced spine density measures were observed. Mean spine densities

were lower in the terminal tip segment of both apical and basilar branches and group
differences (Social < Control) were only observed in the terminal segment 0-10um from
the terminal tip [F(1,10)=13.57, p=0.004, #, = 0.58]. No other significant group differences
were observed [all ps > 0.16]. It is noted that basilar field spine density for the social

group was numerically lower in the 30-40um segment, but comparable to that of controls in
the 60-70pum segment. Coupled with the observation that social experience significantly
increased third order branches, these observations prompted estimations of total spine
number calculated as the product of the number of third order branches and spines density
per segment (see Figure 3). In the apical field there was a group effect (Social > Control)
for the 30-40um [F(1,10)=9.23, p=0.012, #, = 0.48] and 60-70um segments [F(1,10)=7.87,
p=0.019, 5} = 0.44]. In the basilar field there was a group effect (Social > Control) for the
60-70um segments [F(1,10)=7.12, p=0.023, 5, = 0.41]. These outcomes suggest an overall
increase in spine number in the social group that was masked by decreases in spine density
at the most distal segment of the terminal tip.

Experiment 2—The results and statistics are summarized in Table 3. The olfactory
manipulation resulted in an increase in dendritic length in both the apical and basilar fields
in OFC, but had no effect on branching in either area. Thus, the effects were similar to

those of Experiment 1 in that dendritic morphology changes were larger in OFC than mPFC,
however, the pattern of effects within OFC observed in the two experiments differed; the
effects of olfactory experience affected only dendritic length and not branching in OFC.
Further, the sole effect in mPFC was a significant reduction in dendritic branching in the
apical dendrites, which was not observed in Experiment 1.

Discussion

Overall the results showed that both social and non-social olfactory stimulation altered the
morphology of the dendritic fields in agranular insular region of OFC, but had little effect
on the neurons in the prelimbic component of mPFC. The effects in the non-social olfactory
experiment were smaller but in the same general direction as the social stimulation. One
explanation for these effects is that the social experience likely had an effect on general
activity, but we do not believe this explains the neuronal changes because extensive wheel
running (Robinson & Kolb, 1999), nose poking for sucrose pellets (Crombag et al., 2005),
or complex housing (Kolb et al., 2003a) have no significant effect on neuronal morphology
in the mPFC or OFC of adult rats. Furthermore, Marks et al. (2017) have shown that

social play alters socio-cognitive function in ground squirrels, but locomotor play does not,
suggesting that it is the social aspect of experience responsible for changes in prefrontal
regions rather than activity per se.

Social experience with varied cage-mates was associated with robust behavioral changes
including increased wrestling and investigation in the form of anogenital sniffing. These
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outcomes corresponded closely to the morphological changes in OFC neurons. An
exploratory analysis of correlations between dendritic morphology and social behavior (not
shown) indicated that the majority of the relationships between behavior and dendritic
morphology were driven by variability related to group membership (animals in the Social
condition engaged in more instances of these behaviors and showed changes in OFC
dendritic morphology). This was confirmed in separate stepwise regression models for
which behavioral outcomes (anogenital sniffing or wrestling) were predicted using group
and the dendritic morphology measures as predictors. In both cases, group emerged as the
only significant predictor of behavior. Thus, it seems most meaningful to inquire about
relationships between behavior and morphology within groups. Using data from the 6
animals in each group we detected one significant effect between OFC basilar spines and
wrestling in the Social group (r = 0.82, p = 0.046), while none of the other relationships
were significant (in all cases p > 0.06). The values, however, were in the expected direction
and ranged from r = —.63 (anogenital sniffing and basilar spines in OFC) tor = 0.79
(wrestling and apical length). Considering the small sample sizes within groups future
studies with larger numbers could more thoroughly address these relationships.

In view of the known effects of OFC lesions on both social and olfactory behavior in rats
(de Bruin et al., 1983; Kolb, 1974; Nonneman & Kolb, 1974; Pellis et al., 2006; Rolls et
al., 1994; Schoenbaum et al., 2003) it is likely that the morphological changes are a direct
result of social and olfactory experiences, although we do note that it is difficult to ascribe
the changes in the social experiment to social interaction independent of the concurrent
social olfactory stimulation. Importantly, the goal of Experiment 2 was not to serve as

a control for social olfactory experience in Experiment 1, but to independently evaluate

the effects of varied olfactory experience on neuron morphology in frontal cortex. Future
experiments utilizing social odors in a similar manner to that utilized with non-social odors
in Experiment 2 are needed to evaluate the possibility that the results of Experiment 1 are
attributable to the olfactory experiences associated with the social experience manipulation.
At present, however, several studies lead us to suggest that the social rather than olfactory
component is central to the neuronal changes in OFC. First, OFC lesions do not interfere
with olfactory discriminations, odor-guided navigation, or the discrimination of individuals
or sex (e.g., Petrulis et al., 1998; Wallace et al., 2003). Second, the patterns of morphological
changes are different in the two experiences: the social experience affected all measures

in the basilar fields, the number of apical third order branches, and spine density in the
apical field whereas the non-social olfactory experience altered dendritic length, but not
branching, in both the apical and basilar fields. We also note that the increase in basilar
dendritic length in OFC neurons in Experiment 1 is largely driven by the increase in number
of branches. Although we were not able to provide a measurement of spines in Experiment
2, the significant modifications in dendritic length in OFC neurons suggest modification

of morphology in response to varied experience in the olfactory domain. Collectively, the
differential observations in the two regions suggest that the neural networks involving the
OFC were modified differently in response to the two types of experience.

One somewhat unusual result is that the social experience increased dendritic length and
branching in the basilar field of OFC neurons but decreased spine density, which resulted in
no overall change in spine number within this dendritic field. Although differential effects

Behav Neurosci. Author manuscript; available in PMC 2023 August 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamilton et al.

Page 8

of experience on dendritic length and branching versus spine density are not typical, the
present observations join an increasing number of reports showing increased length and
decreased spine density. We have found similar results for the effects of complex housing in
young rats (Kolb et al., 2003b) and with manipulations of the number of cage mates (Bell
etal., 2010; Himmler et al., 2018). Kolb, Cioe, and Comeau (2008) observed that rats given
training in the Morris water task displayed increased dendritic length and decreased spine
density in occipital cortex neurons, whereas motor training resulted in increased length and
decreased spine density in motor cortex. The pattern of increased length and decreased spine
density was also observed in frontal cortex neurons in rats housed in complex environments
during development (Kolb, Gibb, and Gorny, 2003). Fetoni et al. (2013) observed increased
dendritic length and decreased spine density in auditory cortex neurons following noise
induced hearing loss, and Mychasiuk et al. (2013) observed this pattern in medium spiny
neurons of the nucleus accumbens following prenatal nicotine exposure. Thus, the direction
of dendritic length and spine density modifications in relation to experience do not always
correspond, and the pattern of increased length and decreased spine density appears not to be
limited to any particular type of experience or brain region, or type of neuron.,

The detection of opposite changes in length and spine density suggests that the cells

under observation are modified in relation to experience, however, at present the reasons
underlying this pattern of changes is not understood. One possibility is that the combination
of reduced spine density and increased length results in no net change in synaptic
connections, or alternatively, that some synapses are gained and others are lost in response
to experience. Indeed, within the basilar field of OFC neurons there were no overall changes
in spine number estimated on third order branches. Another possibility is that the new
growth in the terminal segments of dendritic arbors could be occupied by fewer synaptic
connections that are selective to a restricted set of afferents and/or more specialized for
particular functions. Investigation of the distribution of spines in Experiment 1 revealed that
the overall decrease in spine density on third order basilar branches in OFC observed in

the social group was primarily due to reductions in spine number only at the most distal

10 pm of the terminal tips on branches that were sampled, whereas numbers in segments

of the branch more proximal to the branch point were comparable for each group. Because
there were significantly more third order branches in the social group, the estimate of

total spine numbers were significantly higher in the segments more proximal to the branch
point and comparable for the terminal tips, suggesting that most dendritic segments actually
underwent an increase in spine number. Further, there were significant increases in apical
spine numbers on third order branches, which resulted from numerical (non-significant)
overall increases in branches, length, and spine density. Overall, these observations suggest
that social experience actually increased overall spine numbers, and for the basilar field
where length and spine density were changed in opposite direction these increases may be
masked by the effects localized to most distal portion of the terminal tip. An important
cautionary note regarding interpretation of decreases in estimates of spine density is also
apparent. Although the summary measures of spine density taken here have been utilized

in a large number of publications, the present observations indicate that sampling of any
restricted set of dendritic segments likely does not provide an accurate measure of total spine
numbers reflective of changes in the whole cell. Perhaps the only way to definitively achieve
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such estimates would be to quantify all spines for each neuron, however, this would require
counting of thousands of spines per neuron and would still necessarily be an underestimate
as all spines cannot be visualized. In cases where length and density do not covary in the
same direction the present findings suggest the need for additional assessment of spine
density as a function of location on the branch rather in addition to more global assessments
of spine number.

The experience-dependent changes observed in the current study can be viewed the context
of the broader field of experience-dependent changes in mPFC and OFC. A form of
experience that generally has the largest effect across the cerebral hemispheres is complex
housing (e.g., Sirevaag & Greenough, 1988). Curiously, as noted earlier, complex housing
has very little chronic effect on either mPFC or OFC of adult rats (Kolb et al., 2003a),
although there appears to be a transient effect on these regions (Comeau et al., 2010).

In contrast, however, pyramidal cells in prefrontal regions are significantly altered by a
range of specific experiences that have very little effect on other cortical regions including
psychoactive drugs (Robinson & Kolb, 2004), stress (Kolb & Gibb, 2015; McEwen &
Morrison, 2013), play (Bell et al., 2010; Himmler et al., 2013) and gonadal hormones

(e.g., Garrett and Wellman, 2009; Kolb & Stewart, 1991; Koss et al., 2015; Markham &
Juraska, 2002; Willing & Juraska, 2015). One characteristic of these experiences is that

the changes in the mPFC and OFC are generally in the opposite direction. For example,
psychomotor stimulants increase dendritic arbor and spine density in mPFC and decrease
these outcomes in OFC (e.g., Crombag et al., 2005), whereas stress or opiate exposure

has the opposite effect (Liston et al., 2006; Robinson et al., 2002). Although the effects

of experience in the current study are not opposite, they are largely localized to just the
OFC. These area-dependent differences in prefrontal regions are not surprising given that the
afferents and efferents of these regions are strikingly different (e.g., Uylings et al., 2003).

The observations that stress alters prefrontal cortex dendritic morphology (Liston et al.,
2006) and that social instability is a stressor for female rats (Haller et al., 1999; Herzog

et al., 2009) prompts consideration of whether the present results with social experience
could be attributed to chronic stress. In the present study we did not obtain direct measures
of stress, and therefore cannot rule out the potential impact of stress on the behavioral

and morphological outcomes reported here. We note, however, that the effects observed

by Liston et al. (2006) with restraint stress yielded increased dendritic morphology in

OFC neurons, while robust decreases were observed in mPFC. In the present study we
observed robust effects only in OFC, and a single modest increase in apical spine density in
mPFC. Further, although social partners were routinely changed in the present experiment
it is not clear that this induced chronic stress, as we observed no instances of fighting

nor injuries during social interaction. Studies that have demonstrated stress associated

with social instability (e.g., Herzog et al., 2009) have utilized unpredictable isolation or
overcrowding, whereas in the manipulations in the present study only involved varying

the identity of a familiar cage-mate or non-social odor. Collectively, these considerations
suggest that if stress was a factor in the outcomes it was likely less significant than the
stressors utilized in previous studies. Future studies examining the direct impact of the social
housing manipulation utilized here on stress responses are needed to address this issue.

Behav Neurosci. Author manuscript; available in PMC 2023 August 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamilton et al.

Page 10

Finally, we would be remiss if we did not suggest a mechanism for the neuronal changes
related to social and olfactory stimulation. Both experience (stress) and psychomotor
stimulants alter gene expression differently in mPFC and OFC (Mychasiuk et al., 2013;
2016). Olfactory and social experience would alter (increase or decrease) neuronal activity
and this in turn likely alters gene expression differentially in the mPFC and OFC. Hamilton
et al. (2010) reported increased expression of c-fos MRNA in both mPFC and OFC
following social interaction, however, increased expression of mMRNA for activity-related
cytoskeletal protein (Arc) was only observed in the agranular insular component of OFC.
Considering that c- fos provides an index of general neuronal activity and Arcis linked

to synaptic plasticity, these findings suggest that multiple regions of prefrontal cortex

are engaged by social interaction, but plastic changes in response to social experience
may primarily involve modifications to OFC. To our knowledge, the effects of olfactory
experience on differential gene expression in mPFC and OFC have not been explored,
however, we would expect to observe a comparable pattern of outcomes.
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Figure 1.
Mean frequency + SEM rats in the control and social experience groups engaged in

wrestling and anogenital (AG) sniffing during the first 10 minutes following a change in
cage-mate (social) or the reintroduction of the regular cage-mate (control). N = 6 for each
group, * p <0.05.
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Figure2.
Representative camera lucida drawings of layer I1/I11 OFC pyramidal neurons from rats

in the control and social experience groups of Experiment 1 and the non-social olfactory
experience group of Experiment 2.
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Mean spine density per 10um (A, B) and total spine number (C, D) in dendritic segments
0-10, 30-40, and 60-70 um from the terminal tip on third order branches in apical (A, C) and
basilar (B, D) dendritic fields for the control and social groups of Experiment 1. Total spine
numbers were calculated as the product of the total number of third order branches and mean

spine number per segment. * p < 0.05.
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Table 1.

Summary of Social Interaction Anatomy

OFC Apical
Branches

Length
Spine Density
Spine Number

OFC Basilar

Branches
Length

Spine Density
Spine Number

mPFC Apical
Branches

Length
Spine Density
Spine Number

mPFC Basilar

Branches
Length
Spine Density

Spine Number

Control Social

22.72+.84 25.48+1.5

61.33+1.66 66.66+4.42

9.28+.047 8.85+0.28

391.02+21.72  470.46+26.91

36.87+0.45 42.35+1.06

86.32+1.80 96.78+2.53

10.94+0.30 9.80+0.24

1112+39.06 1122+49.16

25.29+1.74 25.79+0.30

115.98+7.82 117.84+3.16

4.39+0.22 5.57+0.48

339.16+39.52  372.56+30.26

41.85+0.76 42.69+1.12

130.63+8.19 145.30+4.0

6.45+0.26 6.91+0.33

785.75+49.29  724.07+41.19

F-ratio, p-value, Effect Size

F(1,10)=2.59, p=0.14, 7, = 0.21
F(1,10)=1.27,p=0.29, 7, = 0.11
F(1,10)=0.62, p=0.47, 7, = 0.06

F(1,10)=5.28, p=0.04", 7 = 0.345

F(1,10)=22.92, p=0.001% 12 = 0.70
F(1,10)=11.33, p=0.007 ", 1, = 0.53
F(1,10)= 8.88, p=0.014", 7, = 0.47

F(1,10)= 0.23, p=0.88, #7, = 0.002

F(1,10)=0.08, p=0.78, 77, = 0.008
F(1,10)=0.05, p=0.83, #, = 0.005
F(1,10)=4.99, p=0.05", 1, = 0.33

F(1,10)=0.45, p=0.52, , = 0.043

F(1,10)=0.38, p=0.55, 77, = 0.04
F(1,10)=2.59, p=0.14, 7, = 0.21
F(1,10)=1.18, p=0.30, #, = 0.11

F(1,10)=0.92, p=0.36, 77, = 0.08

Page 17

Values represent mean+SEM for measures of total branch counts (Branches), total dendritic length (Length mm), spine density per 10um, and total
spine number estimated on third order branches in the Apical and Basilar dendritic fields for each brain Control (n=6) and Social (n=6) groups

of Experiment 1. Values are means of 10 observations per brain (5 per hemisphere). Test statistics, p values, and effect sizes were obtained from
ANOVA with group as a single factor.

*
Social>Control;

+ .
Control>Social
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Table 2.

Summary of Branch Counts by Branch Order for Social Experience

Control Social F-ratio, p-value, and Effect Size
OFC
Apical Branch 1 552+.17  5.78+.36 F(1,10)=0.46, p=0.52, '7,% =0.04

Apical Branch 2 7.43+.31 8.07+.56 F(1,10)=1.00, p=0.34, ,1’% =0.09
Apical Branch 3 5.08+.26 6.33+.40 F(1,10)=6.85, p=0.03*, ,72 =041
Apical Branch 4 2.88+.24  3.15+44  £(1,10)=0.29, p=0.60, ,1’3 =0.03
Apical Branch5  1.27+16  152+15  F(1,10)=1.30, p=0.28, 7, = 0.12
Apical Branch 6+  0.53+.11  0.63+.14  F(1,10)=0.31, p=0.59, ,12 =0.03
Basilar Branch1 ~ 5.74+£15 58725  F(1,10)=0.21, p=0.66, ,1; =0.02
Basilar Branch2 ~ 9.90£.32  10.63+.18  F(1,10)=3.90, p=0.08, ,1; =028
Basilar Branch 3 11.33+.36 12.93+.43 F(1,10)=8.01, p=0.02*, ﬂi =045
Basilar Branch 4 6.55+.48 8.42+.61 F(1,10)=5.83, p:0.04*, ”Ii =0.37
Basilar Branch5 ~ 2.45+.44  3.60+44  F(1,10)=4.58, p=0.06, ,1; =031
Basilar Branch 6+  0.90£.30  0.90£.22  F(1,10)=0.00, p=1.00, ,1; =0.00

mPFC
Apical Branch 1 513+25  4.79+.12 F(1,10)=1.43, p=0.26, ;1; =0.13

Apical Branch 2 7.79+.48  7.42+.17 F(1,10)=0.54, p=0.48, ,1; =0.05
Apical Branch 3 6.54+.55  6.46+.15 F(1,10)=0.02, p=0.89, 77,% =0.01
Apical Branch 4 4.33+.87 5.29+.34 F(1,10)=1.05, p=0.33, ,1’% =0.10
Apical Branch 5 1.00+.37 1.96+.39 F(1,10)=3.18, p=0.11, ,ﬁ =024
Apical Branch 6+  0.08+.08  0.29+.15  F(1,10)=1.47, p=0.25, ,15 =0.13
Basilar Branch 1 6.06+.27  5.48+.08 F(1,10)=4.18, p=0.07, ,1; =0.02
Basilar Branch 2 9.96+.47 8.96+.15 F(1,10)=4.08, p=0.07, r/j =0.28
Basilar Branch 3 13.04£39  12.79+22  F(1,10)=0.31, p=0.59, 77,% =045
Basilar Branch 4 9.25+.72 9.96+.28 F(1,10)=0.83, p=0.38, ,1’% =037
Basilar Branch 5 3.38+.33  3.92+.57  F(1,10)=0.67, p=0.43, 77, = 0.31

Basilar Branch 6+ 0.88+.36  0.88+.25 F(1,10)=0.00, p=1.00, ;12 =0.00

Values represent mean+SEM for measures of total branch counts (Branches) for each branch order analyzed (1-6+) in the apical and basilar
dendritic fields of OFC and mPFC for Control (n=6) and Social (n=6) groups of Experiment 1. Values are means of 10 observations per brain (5 per
hemisphere). Test statistics, p values, and effect sizes were obtained from ANOVA with group as a single factor.

*
Social>Control.
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Table 3.

Summary of Olfactory Stimulation Anatomy

OFC

Apical Branches
Apical Length
Basilar Branches
Basilar Length

mPFC

Apical Branches
Apical Length
Basilar Branches

Basilar Length

Control

18.45+.080

66.49+1.28

31.68+0.42

86.47+3.24

27.91+1.31

124.47+3.72

45.10+1.29

159.12+6.00

Olfactory

17.98+0.52
71.69+1.00
32.68+0.59

96.67+3.33

23.74+1.30
128.12+2.59
44.46+1.14

169.84+6.0

Test Statistic, p-value, and Effect Size

F(1,10)=0.25, p=0.63, 17, = 0.02
F(1,10)=10.28, p=0.009", 17, = 0.51
F(1,10)=1.92, p=0.20, 7, = 0.16

F(1,10)=4.80, p=0.053", 11, = 0.33

F(1,10)=5.05, p=0.05" 7, = 0.34
F(1,10)=0.65, p=0.44, 77, = 0.06
F(1,10)=0.14, p=0.72, 7, = 0.01

F(1,10)=2.12, p=0.18, 17, = 0.18

Values represent mean+SEM for measures of total branch counts (Branches) and total dendritic length (Length) in the Apical and Basilar dendritic
fields for each brain Control (n=6) and Olfactory (n=6) groups of Experiment 2. Values are means of 10 observations per brain (5 per hemisphere).
Test statistics, p values, and effect sizes were obtained from ANOVA with group as a single factor.

*
Olfactory>Control;

+
Control>Olfactory
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