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Abstract

Chronic stress exacerbates and can induce symptoms of depression and anxiety disorders. Chronic
stress causes amygdala hyperactivity, which may contribute to these detrimental effects. One
potential mechanism for amygdala hyperactivity is an increase of excitatory drive after stress.
Excitatory inputs to the amygdala predominantly synapse upon dendritic spines, and repeated
stress has been demonstrated to increase dendritic spines in the basolateral amygdala (BLA).
However, the BLA is comprised of several nuclei, including the lateral nucleus (LAT) and the
basal nucleus (BA), which exert functionally distinct roles in amygdala-dependent behaviors.
Furthermore, while an increase of dendritic spines can impart significant functional ramifications,
a shift of spine distribution can also exert significant impact. However, differences in the effects of
repeated stress on LAT and BA have not been examined, nor differential effects on spine
distribution. This study examined the effects of repeated restraint stress on dendritic structure of
principal neurons from the LAT and BA in Golgi-stained tissue. This study found that repeated
stress increased spine number in LAT and BA, but in very distinct patterns, with proximal
increases in LAT neurons and non-proximal increases in BA neurons. Furthermore, repeated stress
increased dendritic length in the BA, but not the LAT, leading to a global change of spine density
in BA, but a focal change in LAT. These distinct effects of repeated stress in the LAT and BA
may exert significant functional effects on fear behavior, and may underlie differences in the
effects of repeated stress on acquisition, contextual modulation and extinction of fear behavior.
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Stress is a major contributing factor in the emergence of depression and anxiety disorders
(Heim and Nemeroff, 2001; Lupien et al., 2009). Patients with anxiety and depression often
display dysregulation of amygdala activity (Breiter et al., 1996; Davidson et al., 2003;
Drevets et al., 1992; Sheline et al., 2001; Siegle et al., 2002; Thomas et al., 2001). Chronic
stress in humans also causes hyperactivity of the amygdala (Armony et al., 2005; Bogdan et
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al., 2012; Dannlowski et al., 2012; Ganzel et al., 2007; Protopopescu et al., 2005; Shin et al.,
1997; van Wingen et al., 2011), which may be a path through which stress precipitates the
emergence of anxiety and depressive disorders.

In rodent models of chronic stress, neurons of the basolateral amygdala (BLA) display
hyperactivity and increased responsiveness to excitatory inputs (Adamec et al., 2005; Correll
et al., 2005; Mozhui et al., 2010; Rosenkranz et al., 2010; Zhang and Rosenkranz, 2012).
BLA neuronal hyperactivity could be caused by several factors, including a change in
neuronal excitability and an increase of excitatory afferent drive. Consistent with the latter,
repeated stress causes an increase in the number of dendritic spines and dendritic length of
BLA principal neurons (Adamec et al., 2012; Hill et al., 2011; Hill et al., 2012; Mitra et al.,
2005; Vyas et al., 2002; Vyas et al., 2006). The BLA is comprised of several nuclei, most
notably the lateral nucleus (LAT) and basal nucleus (BA). These nuclei contribute to
different aspects of fear behavior, with the LAT necessary for cued fear responses, while the
BA imparts contextual specificity of conditioned fear responses (Calandreau et al., 2005;
Onishi and Xavier, 2010; Orsini et al., 2011; Vlachos et al., 2011). However, previous
studies of the effects of stress on BLA neuronal morphology have not compared the LAT
and BA. Because these nuclei are functionally different, and they may be modulated in
different manners by repeated stress, the effects of repeated stress on neuronal morphology
was contrasted in these two nuclei.

Spines are the primary site of excitatory synaptic input onto BLA principal neurons
(Brinley-Reed et al., 1995; Farb and Ledoux, 1999; Muller et al., 2006; Smith and Pare,
1994; Farb et al., 1992; Rademacher et al., 2010; Radley et al., 2007), and an increase of
spines may reflect greater synaptic drive. However, the number of spines itself is not the
only factor that influences the impact of synaptic input on neuronal activity. Synaptic inputs
at different distances from the soma give rise to postsynaptic potentials (PSPs) of differing
kinetics and amplitude (Andreasen and Lambert, 1998; Magee and Cook, 2000; Rosenkranz
and Johnston, 2007; Turner, 1988). A change in the distribution of spines across the
dendritic tree can lead to general differences in the integration of synaptic inputs.
Furthermore, a more potent effect of repeated stress on spines at a specific range of
distances from the soma may provide information about the influence of stress on subsets of
excitatory input to the BLA. Previous studies have provided hints towards a greater impact
of stress on specific segments of BLA dendrites (e.g. Mitra et al., 2005), but this has not
been examined in depth. Therefore, the differential effects of repeated stress on the
distribution of spines was also compared between LAT and BA nuclei. This study utilized
Golgi-Cox staining of brain tissue from adult rats that were exposed to repeated restraint
stress or control handling to test whether stress caused different effects in the LAT and BA
on dendritic morphology, spine number or spine distribution.

2. Experimental Procedures

2.1. Subjects and groups

All procedures were approved by the Institutional Animal Care and Use Committee of
Rosalind Franklin University of Medicine and Science, and followed the Guide for the Care
and Use of Laboratory Animals (National Research Council, 2011).

Male Sprague-Dawley rats (Harlan; age 8-9 weeks at arrival) were group housed (2—-3/cage)
in a controlled climate animal facility. The housing room had a 12:12 light:dark schedule
and food and water were available ad libitum. Repeated stress was performed by daily
restraint stress. Rats were placed in a restraint hemi-cylinder for 20 minutes per session, one
session per day, for 7 out of 9 consecutive days. This schedule of restraint exposure was
previously shown to lead to increased adrenal gland weight and reduction of exploration in
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the elevated plus maze (Rosenkranz et al., 2010; Zhang and Rosenkranz, 2012);
furthermore, it reduces inter-session habituation to restraint, which would otherwise be
prominent (Kant et al., 1985; Stamp and Herbert, 1999). A control group was handled in the
same manner as the restraint group, except that they remained in a transparent transport cage
with bedding, instead of a restraint cylinder. The total amount of handling between groups
was equivalent. All further experiments were performed one day after the final restraint or
control session.

2.2. Golgi stain

Golgi-Cox staining of brain tissue was performed using the FD Rapid GolgiStain Kit (FD
NeuroTechnologies, Columbia, MD), following the protocol suggested by the manufacturer.
One day after the final restraint or control handling session, rodents were deeply
anesthetized with chloral hydrate, (>400 mg/kg, i.p.), decapitated, and the brain was rapidly
removed. The brain was blocked and placed immediately into Golgi impregnation solution
in an opaque container. The impregnation solution was changed after 24 hours and brains
were stored in the dark for 15 — 18 days at room temperature. Brain tissue was then
transferred to solution C of the FD Rapid GolgiStain kit for 24 hours at 4° C. After 24 hours
the solution was replaced with fresh solution C, and the brain was stored at 40 C for 7 days.
Brains were sectioned (100 pm thickness, Leica SM 2000 R microtome), and slices were
collected in 20% sucrose in 0.1 M phosphate buffer at room temperature. Slices were
mounted on gelatinized slides and air dried (25 minutes — 1 hour), then rinsed in double
distilled H,O (2 times, 4 minutes each rinse). Slides were dehydrated in 50%, 75% and 95%
ethanol for 4 minutes each, then in 100% ethanol four times for 3 minutes each. Slides were
cleared with xylene (3 times, 4 minutes each), then coverslipped with Permount. Slides were
allowed to dry overnight. Throughout the staining and subsequent study, slides were
protected from light.

2.3. Neuronal reconstruction

Golgi-stained neurons from LAT and BA were reconstructed using Neurolucida software
(MBF Bioscience, Williston, VT) under white field illumination using the 100x objective of
a Nikon Eclipse E400 microscope. LAT and BA were defined based on previously
established borders (Swanson and Petrovich, 1998; Paxinos, 2004). In initial studies, Golgi-
stained tissue was lightly counterstained with Nissl to facilitate the identification of LAT
and BA until proficiency was achieved at determination of LAT and BA borders based on
fiber tracts and structural landmarks. Only neurons that appeared to be completely filled
were utilized. Thus, secondary and tertiary dendrites had to be visible, and spines had to be
visible. In addition, there could be no breaks in the dendrites. Neurons were selected based
on morphology consistent with BLA principal neurons (e.g. obvious primary dendrites and
spines; McDonald, 1982). Reconstructions were performed by an individual that was blind
to treatment conditions. Aspiny neurons that displayed small somata with few dendrites or
large somata with bipolar primary dendrites were not included in this analysis. Dendritic
branching was quantified as the number of intersections with concentric circles at increasing
diameters (10 um steps) in Sholl analysis (Sholl, 1953). Similarly, dendritic length and spine
number were analyzed at 10 pm steps in Sholl analyses. To further measure these parameters
in functional dendritic subdivisions, instead of only distance, the dendritic length and total
number of spines in each dendritic branch order were quantified for comparison. Branch
order was measured centrifugally, such that at each dendritic branch point the branch order
number of both the parent and branch were increased. In addition, the normalized
distribution of spines across the dendritic tree was quantified as [(Spine Numberg,)+(Spine
Numbertqt)] where Spine Numberg, = the number of spines at a specific branch order, and
Spine Numbert,t = the total number of spines on that neuron. This normalization to the
neuronal total facilitated measurement of the shift of distributions across distance.
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Normalization of neuronal values to peak neuronal branch values was also performed in
some instances to facilitate comparison across neurons; Normalization to peak = [(Spine
Numberg,) +(Spine Numberpy)], where Spine Numberg, = the number of spines at a specific
branch order, and Spine Numberppy = the number of spines at the branch order with the
largest number of spines. To demonstrate the magnitude of the effects of stress across
dendritic branch order, the mean spine number at each branch order of controls was
subtracted from each neuron from the stress group (Difference score). Photographs were
acquired at 10, 20 or 100X magnification from control and stress groups under similar light
conditions. In the images displayed, the color was adjusted to grayscale and only the size of
the images has been adjusted, and this was applied equally to all images.

2.4. Statistical analysis

3. Results

Neurons were excluded from analysis if they did not display morphological aspects of BLA
principal neurons (as described above), or if their mean length or spine density was >2
standard deviations (SD) from the mean. Comparisons of multiple factors were examined
using a two-way ANOVA. An alpha level of 0.05 was considered significant. Multiple post
hoc comparisons were performed using t-tests with Bonferroni corrections based on the
number of comparisons. For planned comparisons of single parameters between two groups,
two-tailed unpaired t-tests were used. Data were tested for normality of distribution
(Kolmgorov and Smirnov test), and for equality of the standard deviation (Bartlett’s test).
Statistical tests were performed using Prism 6 software (GraphPad Software, La Jolla, CA).
All values are expressed as the mean + S.E.M. A portion of the brain tissue used in this data
set was used in a separate study.

3.1. Neurons of the BLA

Neurons of the LAT and BA were reconstructed. Only neurons that displayed a morphology
consistent with BLA principal neurons were included for analysis (Fig 1A.; Methods).
Consistent with previous studies (McDonald, 1982), neurons of the BA had larger somata
than neurons of the LAT (LAT 280.5 + 15.3 um? , n=30; BA 332.0 + 13.3 um?, n=28,
p=0.015, two-tailed unpaired t-test, t=2.52, df=56). However, there was no significant
difference in the average dendritic length of neurons between the LAT and BA (Fig. 1B;
LAT 1338 £ 123.9 um, n=30; BA 1447 + 95.23 um, n=28, p=0.49, two-tailed unpaired t-
test, t=0.69, df=56) nor dendritic length measured as a function of distance from the soma
(i.e. Sholl analysis; Fig. 1B; 2-way repeated measures ANOVA, Nucleus x Distance, no
significant main effect of Nucleus, p=0.54, F(1,56)=0.37). There was no significant
difference in the total number of spines/neurons (Fig. 1C; LAT 331.8 + 45.5 spines, n=30;
BA 343.1 + 37.8 spines, n=28, p=0.85, two-tailed unpaired t-test, t=0.19, df=56) or number
of spines measured as a function of distance from the soma (Fig. 1C; Sholl analysis, 2-way
repeated measures ANOVA, Nucleus x Distance, no significant main effect of Nucleus,
p=0.85, F(1,56)=0.04). There was no significant difference in spine density between LAT
and BA neurons (Fig. 1D; Sholl analysis, 2-way repeated measures ANOVA, p=0.974,
F(1,56)=0.001; LAT 2.38 + 0.21 spines/10 pm, n=30; BA 2.26 £+ 0.16 pm, n=28, p=0.64).
There was also no significant difference in branching across the dendritic tree between
neurons from the LAT and BA (Fig. 1E; Sholl analysis, number of intersections, 2-way
repeated measures ANOVA, Nucleus x Distance, no significant main effect of Nucleus,
p=0.76, F(1,56)=0.09).

When the BLA complex was examined overall (LAT + BA), repeated restraint stress caused
a significant increase in dendritic length (Fig. 2A; Sholl analysis, 2-way repeated measures
ANOVA, Stress x Distance, significant main effect of Stress, p=0.0013, F(1,113)=10.8;
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significant interaction p<0.0001, F(32,3616)=4.1; control n=58, stress n=57) and dendritic
branching (Fig. 2B; Sholl analysis, 2-way repeated measures ANOVA, Stress x Distance,
significant main effect of Stress, p=0.0007, F(1,113)=12.2; significant interaction p<0.0001,
F(32,3616)=5.1). Repeated stress also had a significant effect on spine number (Fig. 2C;
Sholl analysis, 2-way repeated measures ANOVA, Stress x Distance, significant main effect
of Stress, p<0.0001, F(1,113)=12.9; significant interaction p<0.0001, F(32,3616)=4.2) and
spine density (Fig. 2D; Sholl analysis, 2-way repeated measures ANOVA, Stress x Distance,
significant main effect of Stress, p=0.0021, F(1,113)=9.91; significant interaction p<0.0001,
F(32,3616)=2.5).

3.2. Effects of repeated restraint stress on LAT neurons

Repeated restraint stress did not significantly increase the dendritic length of pyramidal-like
neurons in the LAT when examined by Sholl analysis (Fig. 3A; 2-way repeated measures
ANOVA, Stress x Distance, no significant main effect of Stress, p=0.17, F(1,57)=2.0,
control 1338 + 123.9 um, n=30, stress 1646 + 133.6 um, n=29, 123% of control). Repeated
stress did not cause a significant increase in dendritic branching in neurons from the LAT
(Fig. 3B; Sholl analysis, 2-way repeated measures ANOVA, Stress x Distance, no
significant main effect of Stress, p=0.11, F(1,57)=2.66). However, repeated restraint stress
caused a significant increase of spine number in neurons of the LAT (Fig. 3C; Sholl analysis
2-way repeated measures ANOVA, Stress x Distance, significant main effect of Stress,
p=0.047, F(1,57)=4.14; control 331.8 £ 45.5, n=30, stress 475.3 + 61.5, n=29, 143% of
control). The increased spine number without significantly increased dendritic length would
be expected to lead to a measured increase of spine density. However, the spine density
measured by Sholl analysis did not reach statistical significance, yet there was a clear trend
towards increased spine density, noticeable at proximal locations (Fig. 3D; Sholl analysis 2-
way repeated measures ANOVA, Stress x Distance, no significant main effect of Stress,
p=0.088, F(1,57)=3.01; control 2.4 + 0.21 spines/10 um, n=30, stress 2.7 + 0.22 spines/10
pum, n=29, t=0.99, df=57, 113% of control).

3.3. Effects of repeated restraint stress on BA neurons

Unlike effects in the LAT, repeated restraint stress significantly increased dendritic length in
BA principal neurons (Fig. 4A; Sholl analysis 2-way repeated measures ANOVA, Stress x
Distance, significant main effect of Stress, p=0.0016, F(1,54)=11.0; control 1447 + 95.2,
n=28, stress 2082 + 165.9, n=28, 144% of control) and dendritic branching (Fig. 4B; Sholl
analysis 2-way repeated measures ANOVA, Stress x Distance, significant main effect of
Stress, p=0.0012, F(1,54)=11.7). There was also a significant increase in spine number (Fig.
4C; Sholl analysis 2-way repeated measures ANOVA, Stress x Distance, significant main
effect of Stress, p=0.0021, F(1,54)=10.5; control 331.8 + 45.5, n=28, stress 505.3 + 66.8,
n=28, 152% of control), and a significant effect of stress on spine density (Fig. 4E; Sholl
analysis 2-way repeated measures ANOVA, Stress x Distance, significant main effect of
Stress, p=0.0082, F(1,54)=7.53; control 2.26 + 0.16, n=28, stress 2.77 £ 0.23, n=28, 123%
of control). This indicated that repeated stress increased spine number and increased
dendritic length, but the increase of spine number outpaced the increase of dendritic length,
leading to increased spine density.

3.4. Repeated stress shifts distribution of spines

While stress increased the spines in both LAT and BA principal neurons, visual examination
of Sholl plots indicate that it appears to exert its greatest impact in proximal dendrites in the
LAT, but more intermediate and distal dendrites in the BA. Therefore, the distribution of
spines was measured. The distribution of spines across the dendritic tree was quantified as
the proportion of spines at branches of increasing order from the soma (normalized to the
peak proportion; branch order was used instead of distance to control for differences in
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dendritic length). The effects of stress were determined by comparison of best-fit Gaussian
curves to the distribution. When examined across the BLA (LAT and BA), there was a shift
in the distribution of spines towards more distal distribution after repeated restraint stress
(Fig. 5A, Table 1; different best-fit for data sets, p<0.001, F(3,914)=7.2; mean branch order,
control 2.9 £ 0.07, stress 3.3 + 0.09). To demonstrate the region of highest stress effects on
distribution, the average humber of spines at each branch order of the control group was
subtracted from the stress group (difference score; Fig. 5A). Repeated stress significantly
changed the distribution of dendrites towards greater dendritic length in more distal branch
orders when BLA overall was examined (p=0.0002, F(7,392)=4.12, one-way repeated
measures ANOVA; significantly different than 0 at 51" and 6™ branch after Bonferroni
corrections for multiple comparisons).

To determine whether the shift of spine distribution was similar across BLA nuclei, the
effects of stress on spine distribution were examined separately in the LAT and BA, and
these effects were compared. In control rats, the distribution of spines was not significantly
different between LAT and BA principal neurons (Fig. 5B, Table 1; best-fit curves not
significantly different, p=0.28, F(3,458)=1.29; mean branch order, LAT 2.8 £0.1, BA3.0 +
0.09). Similarly, the subtracted difference between LAT and BA spine distributions was not
significant at any branch order (Fig. 5B; p=0.11, F(8,216)=1.65, one-way repeated measures
ANOVA).

There was no significant effect of repeated stress on the distribution of spines on LAT
neurons (Fig. 5C, Table 1; p=0.068, F(3,466)=2.39, best fit with same polynomial to both
data sets), even when the subtracted difference score was measured (Fig. 5, p=0.36,
F(7,203)=1.12, one-way repeated measures ANOVA). However, the distribution of spines
across the dendritic tree was significantly different after repeated restraint in BA neurons,
with a greater proportion of spines at higher branch orders compared to controls (Fig. 5D,
Table 1; best fit to different polynomials, p<0.0001, F(3,442)=7.75). When the subtracted
difference score was measured, a significant difference was found at the 5 and 6™ branch
orders (p<0.0001, F(7,189)=5.19, one-way repeated measures ANOVA, one-sample t-tests
significantly different than 0 at 51" and 6t branch after Bonferroni corrections for multiple
comparisons). Furthermore, the impact of stress (measured as the difference score) was
significantly different in the LAT and BA (Fig. 5E; significant interaction Nucleus x Branch
order, two-way repeated measures ANOVA, p=0.0056, F(7,385)=2.91). This indicates that
repeated stress exerted nucleus-specific effects on the distribution of spines across the
dendritic tree.

It is expected that nucleus-specific effects on spine number and dendritic length would lead
to differences in spine density (density = spines/dendritic length). However, while stress
appeared to exert some effect on spine density in the LAT, it did not reach statistical
significance in Sholl analysis (Fig. 3E). Therefore, spine density was examined across
dendritic branch order, which subdivides the dendritic tree into subunits based on a
functional consideration (branch points instead of distance). There was a significant effect of
stress on spine density across branch order in the LAT (Fig. 6A; 2-way ANOVA, Stress x
Branch order, no significant main effect of Stress, p=0.045, F(1,315)=4.07). There was also
a significant effect of repeated stress on spine density across branch order in the BA (Fig.
6A; 2-way ANOVA, Stress x Branch order, significant main effect of Stress, p=0.0048,
F(1,309)=8.06). To measure whether repeated stress caused a shift in the spine density
across the dendritic tree, or if the increased spine density was localized to one region, spine
density was normalized (to peak spine density), and the best fit curves were compared.
Repeated stress significantly shifted the spine density across branch orders in the LAT (Fig.
6B; best-fit curves significantly different, p=0.030, F(3,309)=3.01) but not in the BA (Fig.
6B; best-fit curves not significantly different, p=0.80, F(3,306)=0.33). When the subtracted
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effects of stress were measured across branch order (as above, stress minus averaged
control), there was a significant effect of stress on normalized spine density proximally in
the LAT, but no effect on BA spine density distribution (Fig. 6C; two-way ANOVA
F(1,312)=3.93, p=0.048; LAT one-way ANOVA: p=0.041, F(6,153)=2.26, one-sample t-
tests with post-hoc Bonferroni corrections, 2" and 3" branch orders significantly different
than 0; BA one-way ANOVA: p=0.653, F(5,159)=0.495). This is consistent with a proximal
increase of spines in the LAT that is accompanied by minimal dendritic growth, leading to
an increase of spine density and a shift in the region of highest relative spine density.
However, in the BA, spines were increased globally across the dendritic tree, and regions of
particularly high spinogenesis are overlaid upon an increase of dendritic length, leading to
equilibration of the increase of spine density across the dendritic tree.

4. Discussion

Repeated stress has been demonstrated to increased spine number in the BLA (Hill et al.,
2012; Mitra et al., 2005). However, it was not known whether repeated stress exerts
different actions in the LAT and BA subdivisions of the BLA. The current study
demonstrates that repeated restraint stress leads to a significant increase of spines across the
dendritic tree in BLA neurons, but especially at intermediate and distal sites. When analyzed
further, this shift in distribution of spines was largely due to the effects of stress in the BA.
Indeed, the changes observed at the level of the BLA overall could be largely explained by
effects of stress in the BA. This may indicate that the effects of stress on neuronal
morphology of BLA neurons in other studies may also have been driven by changes in the
BA. Repeated stress increased spines in both the LAT and BA, but to different degrees and
in different patterns. In BA neurons the increase of spine number was most prominent at
intermediate and distal distances from the soma (Fig. 7B), leading to a significant shift of
spine distribution in the BA. In LAT neurons the increase of spine number was most
prominent at locations proximal to the soma (Fig. 7A), without significantly shifting the
overall spine distribution. Furthermore, repeated stress significantly increased the dendritic
length in BA, but not in LAT. The growth across dendrites in BA neurons almost, but not
quite, kept pace with the spinogenesis, such that there was a general increase in the spine
density across BA dendrites (Fig. 7B). However, in LAT neurons there was not significant
dendritic growth, leading to a focal increase of spine density in LAT neurons in proximal
regions of spinogenesis (Fig. 7A). These data demonstrate that repeated stress exerts actions
that may be functionally different in the BA and LAT. The data with Sholl analysis and
branch order largely agree in supporting these conclusions. One discrepancy emerges with
examination of spine density. When compared by branch order, repeated restraint
significantly increased spine density in LAT principal neurons, however, when compared
with Sholl analysis it did not (p=0.088). Potential explanations for this discrepancy are that
Sholl analysis does not analyze the dendrite by functional units (unlike branch order
analysis), and small focal effects can be missed in Sholl analysis. However, even in the
Sholl plot an effect of repeated stress on spine density begins to emerge.

There are a number of possible outcomes of the effects of repeated restraint observed here.
An overall increase of dendritic spines can represent an increase of excitatory synaptic input.
In many brain regions, there is a topography for the location of inputs across the dendrites
(Amaral and Witter, 1989; Bollmann and Engert, 2009; French and Totterdell, 2002;
Ishizuka et al., 1990; Jia et al., 2010; Markram et al., 1997; Petreanu et al., 2009; Richardson
et al., 2009; Steward, 1976; Triplett et al., 2009). If a similar principle holds true in the

BLA, a shift in the distribution of spines points to a relative increase in a subset of excitatory
afferents. In addition, dendrites filter synaptic inputs. This filtering results in distance-
dependent effects on the amplitude and kinetics of excitatory post-synaptic potentials
(EPSPs) that reach the soma (Andreasen and Lambert, 1998; Magee, 2000; Turner, 1988).
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Relative increases in the abundance of excitatory input at a particular distance may result in
an overall shift in the shape and amplitude of EPSPs that arrive at the soma (e.g. Rall, 1967;
Rall et al., 1967). Functionally, a shift in the decay time and amplitude of EPSPs exerts a
large impact on the integration of inputs, and ultimately impacts action potential firing.
Furthermore, a general increase of ongoing synaptic activity at proximal and distal locations
exerts functionally distinct effects on synaptic integration and plasticity (Schaefer et al.,
2003; Larkum et al., 2004; Oviedo and Reyes, 2005; Williams, 2005). Most directly,
however, is demonstration that the dendritic structure contributes to computational ability of
neurons (Jaffe and Carnevale, 1999; Mainen and Sejnowski, 1996; Vetter et al., 2001), and
the presence and density of spines itself contributes to propagation of signals (Baer and
Rinzel, 1991; Jaslove, 1992; Segev and Rall, 1998; Shepherd et al., 1985). Those studies
point to different functional consequences of a change in spine number and a change in
spine density.

Several caveats should be considered when interpreting these data. Not all excitatory inputs
synapse onto spines. A proportion of asymetrical contacts are formed at the dendritic shaft
(~3 — 15%; Brinley-Reed et al., 1995; Farb and Ledoux, 1999; Muller et al., 2006;
Rademacher et al., 2010; Smith and Pare, 1994). Furthermore, not all of the new spines
necessarily receive any excitatory input, or may receive weak synaptic input.

The repeated stress regimen used here is shorter than many previous studies. In hippocampal
CA3, a prolonged period (21 d) is required for the emergence of the effects of stress
(Magarinos and McEwen, 1995). However, shorter periods of repeated stress (10 d) change
the morhphology of neurons in the prefrontal cortex (Brown et al., 2005) and BLA (Mitra et
al., 2005; Vyas et al., 2002). However, when longer periods (21 d) of repeated restraint are
used the effects of repeated stress on the morphology of BLA neurons may be somewhat
greater (25% compared to 30% increase Vyas et al., 2006). Our results indicate that use of
an intermittent stress over an even shorter period of time can lead to a similar magnitude of
effect on BLA morphology as the longer (21 d) period.

The LAT and BA are involved in partially overlapping behaviors. The BA imparts
contextual confines to conditioned fear, while the LAT has a more significant role in
formation of cued fear memory. Similarly, ther are differences in synaptic input and
projection targets of the LAT and BA. The LAT and BA are targeted by a large number of
structures. Differences in afferent inputs are largely a matter of degree. LAT receives more
sensory and perirhinal cortical input (LeDoux et al., 1991; Turner and Herkenham, 1991;
Romanski and LeDoux, 1993; Mascagni et al., 1993), while the BA receives more
hippocampal (e.g. subiculum; Canteras and Swanson, 1992) input. LAT and BA also display
many similar outputs (Pitkanen et al., 1997). Both project to the lateral portion of the central
amygdala (CeA), while BA also projects to the medial CeA, and more extensively targets
extended amygdala structures, such as the bed nucleus of the stria terminalis (BNST;
Bienkowski and Rinaman, 2013; Savander et al., 1997; Savander et al., 1995). The circuit
from sensory input to LAT to CeA plays a critical role in cued phasic fear. The circuit that
includes hippocampal inputs to BA to BNST plays a key role in contextual fear and
prolonged anxiety (Davis et al., 2010; Duvarci et al., 2009; Waddell et al., 2006;
Zimmerman and Maren, 2011). The increase in excitatory inputs to LAT neurons reflected
by increased spines may be expected to increase the affective response to specific stimuli.
Consistent with this, repeated restraint stress increased the fear response to conditioned cues
(Atchley et al., 2012). An increase in spine number coupled with a shift in the distribution of
spines in the BA after repeated stress may indicate that a specific set of afferents to the BA
can now disproportionately drive BA activity and anxiety behavior. Repeated stress
increases anxiety-like behavior in novel contexts (e.g. open field and elevated plus maze;
Atchley et al., 2012; Vyas and Chattarji, 2004; Shoji and Mizoguchi, 2010; Katz et al., 1981;
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Beck and Luine, 2002), and generally increases social anxiety (Doremus-Fitzwater et al.,
2009; Barsy et al., 2010; Green et al., 2012). However, there is mixed evidence of whether
repeated stress increases contextual fear responses (Baran et al., 2009; Sanders et al., 2010;
Sandi et al., 2001; Conrad et al., 1999). Based on these effects of repeated stress on context-
related behaviors, it is tempting to speculate that repeated stress increases context-related
hippocampal drive of the BA, producing greater affective responses to ambiguous or fear-
conditioned contexts.

The current study demonstrates that repeated stress causes an increase of spines in both the
LAT and BA, but in different patterns. Furthermore, it causes elongation of dendrites in the
BA but not the LAT. This is expected to lead to different effects of repeated stress on the
physiology of the LAT and BA. Repeated stress does in fact lead to a slightly greater impact
on the firing of neurons in the BA compared to the LAT (Zhang and Rosenkranz, 2012). The
behavioral importance of this may emerge in greater impact of repeated stress on BA-
dependent behaviors, such as contextual modulation of fear. In human patients this may be
displayed as disorganized contextual regulation of fear after repeated stress.
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Figure 1. Morphology of principal neurons in the LAT and BA

Neurons of the LAT and BA were reconstructed after Golgi-Cox staining. A) Boundaries of
LAT and BA were defined by comparison to a brain atlas (left; in this section by comparison
to —3.30 mm from bregma (Paxinos and Watson, 2001) and Nissl-stained sections (middle).
The outline of the LAT and BA are drawn over the Golgi-stained section for comparison
(right). B) Principal neurons of the LAT (left) and BA (right) that were reconstructed were
spiny, with identifiable primary dendrites. C) Dendritic length of principal neurons in the
LAT and BA across distances from the soma (Sholl analysis, left) and total dendritic length
(right) were similar. D) The spine number on principal neurons in the LAT and BA were
similar across distance (Sholl analysis, left) and in total spine number (right). E) The
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average spine density of principal neurons in the LAT and BA was similar. F) The number
of intersections of neurons in Sholl analysis was similar between LAT and BA principal
neurons. Here, and in all figures, LAT= lateral nucleus, BA = basal nucleus, BLA = lateral +
basal nuclei.
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Figure 2. Repeated stress increases BLA neuronal length and spine number

BLA neurons (LAT and BA) were grouped together for initial analysis. A) Repeated
restraint increased the dendritic length of BLA neurons in Sholl analysis (left) and total
dendritic length (middle). There was a rightward shift in the cumulative frequency of BLA
principal neurons when total dendritic length was measured (right). B) Repeated stress
increased the number of intersections of BLA principal neurons in Sholl analysis. C)
Repeated stress increased the number of spines in BLA principal neurons (Sholl analysis,
left), increased total number of spines (middle), and caused a rightward shift in the
cumulative frequency of total spines in neurons (right). D) Repeated stress increased spine
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density of BLA principal neurons, demonstrated in Sholl analysis (left), and average
neuronal spine density (right).

Neuroscience. Author manuscript; available in PMC 2014 August 29.

Page 19



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Padival et al.

Page 20

A Lateral nucleus

£ 200 5
= =
= 150 B
B )
S 100 & control =

(2]
I’ -o- stress B
£ B
o ]
& o
(] [

i<}

|_

O

Number of intersections

O

Number of spines
Total spines

Distance from soma (um)

E :

gE4 ZE |oer et
So c o4l e®
LR T2 |eee &5
)} g 2 @ g —.‘ig %
c c c c 21

a5 4 - conftrol &g 6 %
D e o-stess D2 | 7§

.
40 80 120 160 200 240 6§ &
Distance from soma (um) & &

Figure 3. Repeated stress increased LAT neuronal spine number

A) When principal neurons of the LAT were analyzed there was no significant increase in
dendritic length, measured by Sholl analysis (left) or total dendritic length (right). B)
Repeated stress did not cause a significant increase of dendritic intersections in Sholl
analysis. C) Repeated stress caused a significant increase in the number of spines, measured
by Sholl analysis (left) and total spines (right). D) Repeated stress did not cause a significant
change in spine density in Sholl analysis (left) or average spine density of neurons (right).
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Figure 4. Repeated stress increased BA neuronal dendritic length and spine number

A) When principal neurons of the BA were analyzed, repeated stress caused a significant
increase of dendritic length measured by Sholl analysis (left) and total dendritic length
(right). B) Repeated stress caused an increase of intersections measured by Sholl analysis.
C) Repeated stress increased the number of spines measured in Sholl analysis (left) and total
spines (right). D) There was a significant effect of repeated stress on spine density (Sholl
analysis, left) and average neuronal spine density (right).
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Figure 5. Repeated stress shifts the dendritic spine distribution in BA principal neurons, but not

LAT
A) There was a significant difference in the normalized distri

bution of spines across the

dendritic tree of BLA principal neurons after repeated stress (left). Subtraction of the

average control spine distribution demonstrates that the peak
between the 41" — 6™ dendritic branch orders. B) There was n

effects of repeated stress lie
o significant difference in the

distribution of spines between LAT and BA neurons (left), and no significant difference

when LAT and BA spine distribution was subtracted. C) Rep

eated stress did not

significantly change the normalized distribution of spines in LAT principal neurons. D)
Repeated stress caused a significant shift in the distribution of spines across the dendritic
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tree of BA principal neurons. E) Repeated stress did not lead to any significant changes in
the subtracted effects of repeated stress in LAT neurons (black), but did significantly change
the subtracted effects across branch orders in BA neurons (grey). # indicates BA group
significantly different than 0. * indicates BA group significantly different than 0.
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Figure 6. Repeated stress changes spine density patterns in LAT and BA neurons

A) When measured over branch order, repeated stress increased spine density in LAT (left)
and BA (right) principal neurons. B) When spine density data is normalized, different
patterns emerged in the effects of stress. Repeated stress significantly shifted the distribution
of spine densities across dendritic branches in the LAT (left) but not the BA (right). C)
Subtraction of the spine densities across dendritic branches indicates that repeated stress
increased spine density in low order branches of LAT neurons with minimal impact on spine
density in BA neurons. * indicates LAT group significantly different than 0.
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Figure 7. Summary of different effects of repeated stress on LAT and BA neurons

A) In principal neurons of the LAT, repeated stress causes an increase of spine number at
distances relatively proximal to the soma. This is not accompanied by increased dendritic
length, but does lead to a focal increase in spine density at distances proximal to the soma.
B) In principal neurons of the BA, repeated stress causes an increase of spine number at
relatively intermediate and distal distances from the soma. This is accompanied by increased
dendritic length. The increased dendritic length is apparently not enough to compensate for
the increased spine number, as there is an increase of spine density across the dendritic tree.
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Table 1

Best-fit values to curves to the distribution of spines across dendrites.

Best-fit values
Nucleus | Treatment
Amplitude | Branch order | Standard deviation
Control 0.733+£0.03 2.93 +0.06 1.48 +0.07
All BLA
Stress 0.705 + 0.03 3.27 +0.082 1.78 +0.09 &
Control 0.695 £ 0.04 2.84+0.10 157 +0.11
LAT
Stress 0.757 £0.04 3.09 £ 0.09 1.62+0.10
Control 0.779 £ 0.04 3.00 £ 0.08 1.38 £ 0.09
BA
Stress 0.667 +0.04 | 3.49+0.138D 1.93+0.14 @

a. .. . - .
significantly different than control (within nucleus comparison)

bsignificantly different than LAT - Stress

BA vs. LAT

Control: Amplitude — n.s. p=0.13, F(1,458)=2.29
Branch order — n.s. p=0.21, F(1,458)=1.59

SD - n.s. p=0.22, F(1,458)=1.54

Stress: Amplitude — n.s. p=0.088, F(1,450)=2.92
Branch order — p=0.011, F(1,450)=6.54

SD - n.s. p=0.054, F(1,450)=3.73

Control vs. stress

BLA: Amplitude — n.s. p=0.48, F(1,914)=0.50
Branch order — p=0.0008, F(1,914)=11.3

SD - p=0.0099, F(1,914)=6.68

LAT: Amplitude — n.s. p=0.24, F(1,466)=1.41
Branch order - n.s. p=0.062, F(1,466)=3.51
SD - n.s. p=0.75, F(1,466)=0.10

BA: Amplitude — p=0.04, F(1,442)=4.0
Branch order — p=0.002, F(1,442)=9.95

SD - p=0.0012, F(1,442)=10.59

Post-hoc correction — for significance p=0.05/3 = 0.0167
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