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Abstract

The brain is highly plastic, allowing us to adapt and respond to environmental and physiological
challenges and experiences. In this review, we discuss the relationships among alterations in
dendritic arborization, spine morphology, and behavior due to stress exposure, endogenous
hormone fluctuation, or exogenous hormonal manipulation. Very few studies investigate structure-
function associations directly in the same cohort of animals, and there are notable inconsistencies
in evidence of structure-function relationships in the prefrontal cortex and hippocampus.
Moreover, little work has been done to probe the causal relationship between dendritic
morphology and neuronal excitability, leaving only speculation about the adaptive versus
maladaptive nature of experience-dependent dendritic remodeling. We propose that future studies
combine electrophysiology with a circuit-level approach to better understand how dendritic
structure contributes to neuronal functional properties and behavioral outcomes.

Introduction

The brain is highly plastic, allowing us to adapt and respond to environmental and
physiological challenges and experiences. Dendritic branches and spines can undergo
remarkably specialized modifications in number, complexity, and morphology, which in
turn alter the profile of synaptic input for a given neuron. Because the size and shape of
dendritic arbors determine many functional properties of neurons (Grudt and Perl, 2002;
Koch and Segev, 2000; Lu et al., 2001; Mainen and Sejnowski, 1996; Rall et al., 1992),
reorganization of dendritic material may lead to disruption of normal synaptic processing.
However, despite robust evidence for experience-based changes in neuronal morphology,
synaptic transmission, and behavior, a clear picture of structure-function relationships in the
brain has yet to emerge.

A myriad of internal and external environmental manipulations and challenges can alter
dendritic morphology and spine density that may in turn alter learning and memory. Briefly,
acute or chronic stress exposure, drugs of abuse, sex steroid manipulation, seasonal changes,
aging, learning, and environmental enrichment all can induce dendritic remodeling in
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various brain structures in rats, mice, non-human primates, prairie voles, and tree shrews.
However, very few studies have tested structure-function relationships directly, and the
outcomes are correlational at best. Further complications arise when attempting to integrate
findings across studies, since very few address structural plasticity and behavioral outcomes
within the same experiment using the same parameters. Variations in environmental
manipulations (e.g. type and duration of stressor), animal strain or sex, outcome measures
(e.g. different protocols in memory acquisition and testing), and morphological technique
(e.g. Golgi method versus iontophoretic intracellular filling) make it impossible to directly
compare morphological findings with behavioral outcomes across the literature.

In this review, we focus on evidence of structure-behavior relationships in the rodent
hippocampus and prefrontal cortex (PFC) in response to stress challenges and ovarian
hormone manipulation, identifying key inconsistencies. Then, we discuss work that probes
the relationship between dendritic structure and neuronal excitability, which may help us
understand the adaptive versus maladaptive nature of dendritic remodeling. Finally, we
propose recommendations for future approaches to better characterize relationships between
dendritic structure and behavior.

Relationships Between Experience-Dependent Alterations in Hippocampal

Dendritic Morphology, Spine Density, and Behavior

There is a wealth of evidence linking various chronic stress manipulations to dendritic
atrophy in the hippocampus (see Table 1). Overall, chronic stressors such as restraint,
predator exposure, social defeat, immobilization, or chronic unpredictable stress lead to a
retraction of apical dendritic material in the CA3 region of the hippocampus (Baran et al.,
2005; Kole et al., 2004; Lambert et al., 1998; Magarifios and McEwen, 1995; McKittrick et
al., 2000; Sousa et al., 2000; Vyas et al., 2002; Watanabe et al., 1992b). These same
stressors are linked to deficits in hippocampal-dependent learning and memory tasks, such
as performance in the radial arm maze (Gerges et al., 2004; Luine et al., 1994; Park et al.,
2001), Y-maze (Conrad et al., 1996; McLaughlin et al., 2007), Morris water maze (Ma et al.,
2007; Sandi et al., 2003; Song et al., 2006), and contextual fear conditioning (Conrad et al.,
1999). Effects of acute stress (30 min of restraint or tail shock) on hippocampal spine
density are region- and sex-dependent. Similar to chronic stress, 5 hr of restraint stress on a
rotator decreased CA3 spine density (Chen et al., 2008). Interestingly, exposure to
intermittent tail shock resulted in an increase in spine density of CA1 neurons in males but a
decrease in spine density in females (Shors et al., 2001). Even short, mild stress can have
region-dependent effects: after acute 1 hr platform stress, male rats had increased spine
density of thin and mushroom spines in CA1, but a decrease of stubby spines in CA3
(Sebastian et al., 2013).

Changes in circulating estrogens across the estrous cycle and manipulation of sex steroids
also have profound effects on spine density within the hippocampus (reviewed in Woolley,
1998). In female rats, ovarian hormones fluctuate over a 4 to 5 day cycle, characterized by
elevated levels of estrogens and progesterone in proestrus compared to lower levels of
ovarian hormones in estrus, metestrus, and diestrus (Butcher et al., 1974). Males and
ovariectomized (OVX) females have comparable spine densities in CA1, yet intact cycling
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females have double the spine density of males (Gould et al., 1990; Shors et al., 2001), and
females in the proestrus phase have the highest CAL spine density (Woolley et al., 1990).

The relationship between dendritic structure, dendritic spines and synaptic input, and neural
firing rates (Spruston, 2008) suggests that stress- or hormone-induced structural alterations
may have important effects on neural function and hippocampally-mediated tasks. In males,
1 month of chronic unpredictable stress resulted in CA3 dendritic retraction and associated
deficits in water maze spatial learning, a task mediated by the hippocampus (Sousa et al.,
2000). Predator stress before training produced a deficit in consolidation of water maze
learning and blocked a training-induced increase in spine density of CA1 basal dendrites
(Diamond et al., 2006). The same short platform stress that resulted in region-dependent
spine changes also impaired object placement, while platform stress prior to a retention test
impaired memory retrieval on a radial arm maze (Sebastian et al., 2013). Thus, exposure to
pre-training stressors in males impairs hippocampal function, decreases dendritic length and
either decreases or increases spine density. On the other hand, after enrichment via housing
in a complex environment, male rats demonstrated enhanced water maze learning and
increased spine density in CA1 basal dendrites (Moser et al., 1994).

In females, findings are somewhat conflicting. Shors and colleagues have reported
associations between spine density in CA1 of the hippocampus and performance during
eyeblink conditioning (Leuner and Shors, 2004; Shors, 2002). In OV X mice, there is a rapid
increase in spine density in CA1 40 min after estradiol injection (Phan et al., 2012), and
enhancements of social recognition, objection recognition, and objection placement are seen
after similar OV X and estradiol treatment immediately after learning acquisition (Fernandez
et al., 2008; Inagaki et al., 2010; Luine et al., 2003; Walf et al., 2008). Consistent with these
findings, OV X mice treated with estradiol show enhanced performance on an object
placement task that is accompanied by an increase in the number of mushroom spines within
CALl (Lietal., 2004). Thus, estradiol-mediated increases in spine density in CA1 may lead
to facilitated acquisition of spatial memory. However, another group looking at chronic
stress and estradiol administration to OV X rats found a significant negative correlation
between CAL spine density and spatial memory on an object placement task (Conrad et al.,
2012). Finally, we have recently reported that heat stress-exposed female rats had increased
head diameter of mushroom spines within CA3 that was associated with enhanced freezing
during extinction and extinction retrieval (Gruene et al., 2014).

In summary, there are inconsistencies in how structural changes in hippocampal neurons
relate to behavioral outcomes in both males and females, and whether increases in spine
density are associated with memory impairment or enhancement. Discrepancies across
studies may be due to differences in behavioral tasks or manipulation parameters, but these
possibilities have not been directly investigated.

Relationships Between Experience-Dependent Alterations in Prefrontal

Dendritic Morphology, Spine Density, and Behavior

As in the hippocampus, stress and sex hormones can alter dendritic morphology and spine
density of the PFC (see Table 1). In male rodents, chronic restraint stress produces retraction
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of apical dendrites of pyramidal neurons in prelimbic region of medial prefrontal cortex
(Cerqueira et al., 2007; Cook and Wellman, 2004; Garrett and Wellman, 2009; Liston et al.,
2006; Martin and Wellman, 2011; Radley et al., 2006, 2005, 2004). A similar pattern of
stress-induced retraction was seen for apical dendritic branches of neurons within the
infralimbic region of medial prefrontal cortex (Izquierdo et al., 2006; Shansky et al., 2009).
As in the hippocampus, milder episodes of stress (10 min of restraint for 7 days, 3 weeks of
vehicle injection, forced swimming) are sufficient to produce dendritic atrophy within
prelimbic cortex (Brown et al., 2005; Wellman, 2001) and infralimbic cortex (Izquierdo et
al., 2006).

Medial PFC is also sexually dimorphic, with smaller and less complex apical dendritic
arbors in prelimbic cortex pyramidal neurons of gonadally-intact females than gonadally-
intact males (Garrett and Wellman, 2009; Kolb and Stewart, 1991; Markham et al., 2002).
Exogenous manipulation of estradiol alone did not have an effect on medial PFC dendritic
morphology, as OV X had no effect on dendritic morphology within prelimbic cortex
(Garrett and Wellman, 2009) or in basolateral amygdala-projecting infralimbic cortex
neurons (Shansky et al., 2010). In contrast, chronic stress (3 hr/day for 7 days or 2 hr/day for
10 days) resulted in dendritic proliferation within medial PFC neurons of female rats, and
the stress-induced morphological effect was dependent on estradiol (Garrett and Wellman,
2009; Shansky et al., 2010).

The functional ramifications of stress- or hormone-mediated structural changes are unclear,
because investigations of structure-behavior relationships within the PFC are relatively
sparse. The PFC is critical for behavioral tasks that require executive function, such as
working memory, cognitive flexibility, and emotional regulation (Holmes and Wellman,
2009), all of which can be influenced by stress and hormones (Farrell et al., 2013; McEwen
and Morrison, 2013). Mice subjected to repeated swim stress (10 min/3 days) had deficits in
retrieval of extinction of conditioned fear, a behavior mediated by infralimbic cortex, and
accompanied apical dendritic retraction in infralimbic cortex (Izquierdo et al., 2006).
Chronic (6hr restraint/day for 3 weeks) stressinduced dendritic retraction within the anterior
cingulate cortex predicted the level of impairment on a perceptual attentional set-shifting
task (Liston et al., 2006). Finally, prelimbic cortex dendritic spine loss was highly correlated
with impaired working memory assessed by the spatial delayed alternation task and T maze
after chronic restraint stress (6hr/day for 21 days) (Hains et al., 2009). After OVX, female
rats had deficits in performance on a non-spatial object recognition memory task that was
associated with a decrease in spine density of mMPFC neurons (Wallace et al., 2006).
Reproductive experience also influences mPFC structure-function relationships. Mother rats
had increased mPFC spine number and improved behavioral flexibility compared to virgin
rats (Leuner and Gould, 2010), while gestational stress resulted in reduced mPFC spine
density and impaired reversal learning and extradimensional set-shifting (Leuner et al.,
2014). Thus, although only correlational, there is evidence to suggest that experience-
dependent disruption of prefrontal dendritic integrity is linked to experience-dependent
deficits in prefrontal function.
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Inconsistencies in Structure-Function Relationships

Straightforward relationships between remodeling of the dendritic tree and behavioral
consequences of structural alterations are not always observed. It is possible that changes in
dendritic morphology of certain brain structures are not associated with changes in
behaviors to which these structures contribute. Dissociations have been observed between
hippocampal morphology and fear and spatial learning. For example, preventing chronic
stress-induced dendritic atrophy of CA3 does not affect the facilitation of contextual fear
conditioning seen in stressed male rats (Conrad et al., 1999). In this case, Conrad and
colleagues propose that stress-induced remodeling in the hippocampus leads to
dysfunctional hypothalamic-pituitary-adrenal (HPA) axis regulation, and it is the HPA
dysfunction that in turn modulates spatial memory deficits. Similarly, chronically stressed
OV X females have functional spatial memory despite CA3 dendritic retraction. Chronic
stress did not alter CA3 dendrites in OV X rats treated with estradiol, yet these same rats
showed a stress-induced facilitation of water maze performance (McLaughlin et al., 2005).
The authors propose that other regions of the hippocampus, namely the CA1, change in
response to chronic stress to produce alterations in spatial learning and memory.

Further examples of inconsistencies in structure-function relationship patterns are present in
the addiction and drug abuse field. In the prefrontal cortex, opiate administration decreases
spine density (Robinson and Kolb, 2004), while stimulants increase dendritic arborization
and spine density (Robinson and Kolb, 1999). However, despite opposite effects of opiates
versus stimulants on dendritic morphology, both classes of drugs induce similar behavioral
effects (Russo et al., 2010). To resolve this point, Russo and colleagues suggest that
morphological changes may mediate addictive phenotypes in a bidirectional pattern such
that a positive or negative change in baseline dendritic structure can alter behavior
responses. Alternatively, experience-dependent alterations of dendritic complexity may not
be accurate predictors of experience-dependent changes in synaptic strength, and synaptic
efficacy, electrophysiological synaptic changes, and circuit-specific changes may better
account for functional consequences (Russo et al., 2010)

Functions of Dendritic Remodeling

One hypothesis regarding the function of dendritic retraction is its role as a maladaptive
response, in that dendritic atrophy, whether due to stress or hormone depletion, is associated
with impaired function and may underlie stress-, sex-, or age-related psychopathology
(Holmes and Wellman, 2009; Leuner and Shors, 2013). In this case, dendritic hypertrophy
would be seen as adaptive, allowing for increased surface area for more synaptic
connections and improved cognitive function (Fu et al., 2012). Alternatively, dendritic
retraction can be seen as a compensatory mechanism to protect the neuron from prolonged
excitation (Meller et al., 2008; Rhodes and Llinas, 2001), and thus shorter dendrites would
correlate with better performance on a task mediated by a particular brain region. In this
case, dendritic proliferation, as seen in the chronically stressed female medial PFC (Garrett
and Wellman, 2009; Shansky et al., 2010), would represent a maladaptive profile,
potentially exposing neurons to overstimulation. Given that a number of factors can alter the
direction of stress-induced morphological changes (for example: brain structure, type/
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duration of stressor, sex/age of animal), it is likely that the sum of overall dendritic
remodeling processes and changes in neuronal excitability may be most important for
functional consequences.

Structure and excitability

As reviewed above, there are inconsistencies in the findings on the relationship between
dendritic morphology and behavior. That leads to the question of how dendritic morphology
can affect excitability and firing patterns on a single neuron level. Intuitively, one might
think that reduced dendritic length would result in reduced excitability as there is less space
for synaptic input. However, evidence from computational models and electrophysiological
recordings suggests that the relationship between structure and function on a single neuron
level is more complicated than that. Kole and colleagues (2004) performed whole-cell
recordings of CA3 pyramidal cells from rats that underwent chronic social defeat stress, and
subsequently analyzed dendritic morphology of recorded neurons. In accordance with
previous findings, chronic social defeat stress induced retraction of distal CA3 apical
dendrites and impaired long term potentiation (LTP) induction. However, reduced apical
length and branch number was related to increased excitability as measured by EPSP onset
latency (Kole et al., 2004). In line with these findings, a computational modeling study
simulating stress induced dendritic atrophy in CA3 pyramidal cells showed that reducing
apical dendritic length results in increased somatic EPSP amplitude after dendritic
stimulation (Narayanan and Chattarji, 2010). In the same computational model, dendritic
atrophy of CA3 neurons led to increases in firing rates and changes in firing patterns:
bursting cells switched to regular spiking cells with increased atrophy (Narayanan and
Chattarji, 2010). This effect is in line with previous findings from computational modeling
experiments showing that CA3 neurons with smaller dendritic trees have lower stimulation
thresholds for switching from burst to regular spiking (Krichmar et al., 2002). The
relationship between dendritic morphology and burst firing patterns is not exclusive to
hippocampal neurons. A computational model study using visual cortex pyramidal neurons
has shown that both decreased and increased apical length leads to a switch from burst firing
to regular firing in pyramidal neurons (van Elburg and van Ooyen, 2010). Additionally,
merely rearranging the dendritic tree could switch burst firing neurons to regular spiking
neurons, suggesting that dendritic length is not the only factor affecting firing patterns (van
Elburg and van Ooyen, 2010).

In the hippocampus, burst firing is associated with facilitation of LTP (Pike et al., 1999;
Thomas et al., 1998). Thus, stress induced dendritic remodeling and the reduction in burst
firing cells that goes along with it could account for the impairment in hippocampal LTP
after stress exposure (Kim and Diamond, 2002; Kole et al., 2004). The relationship between
burst firing and LTP seen in the hippocampus cannot be generalized to all brain regions,
however. In the somatosensory cortex, for example, burst firing is associated with
facilitation of long-term depression (LTD) (Birtoli and Ulrich, 2004). In the mPFC, burst
firing in IL seems to be necessary for fear extinction consolidation and the degree of burst
firing after extinction learning correlates with extinction recall (Burgos-Robles et al., 2007).
It is tempting to speculate that stress induced dendritic remodeling could lead to reduced
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burst firing in mPFC, thus contributing to extinction learning deficits seen after chronic
stress.

The computational modelling studies described above are advantageous because they can
investigate causal relationships between dendritic morphology and physiological properties
of neurons. However, these studies only look at morphology of the dendritic tree and do not
account for the possible influence of dendritic spines. It is unclear if changes in spine
density or morphology can influence neuronal firing patterns. But in the hippocampus,
higher spine density is associated with increased neuronal excitability (Mucha et al., 2011).
Thus, increased excitability in neurons with reduced dendritic length could be either
countered by reduced spine density or enhanced by increased spine density. In addition to
potential differences in spine density, spine head volume and distinct spine head
morphology have emerged as potential mechanisms of plasticity (Humeau et al., 2005;
Matsuzaki et al., 2001). However, many morphology studies look at either morphology of
the dendritic tree or morphology of dendritic spines, rather than looking at both measures,
which makes it more difficult to infer functional implications of morphological changes.
Differences in spine density in an examined brain region may be present without differences
in overall dendritic branch number and length. For example, long-term estradiol
administration did not alter total dendritic length and branching of pyramidal neurons in
prelimbic cortex of female rhesus monkeys. However, estradiol administration increased
both apical and basilar dendritic spine density and enhanced the number of thin spines (Hao
et al., 2006), an effect that would have been obscured by looking at dendritic morphology
alone. On the other hand, differences in overall dendritic branch number and length can be
observed in absence of changes in spine density. Chronic stress (28 days psychosocial
stress) produced apical dendritic atrophy but did not alter spine density in tree shrews
(Magarinos et al., 1996). Measuring dendritic length and branching together with dendritic
spine morphology in future studies will increase our understanding of the relationship
between dendritic spines and dendritic length and its implications on a single neuron level
and for behavioral outcomes. Additionally, investigating dendritic morphology together with
electrophysiological properties in the same neurons will be necessary to understand how
morphology relates to changes in excitability and firing patterns.

Circuit-level structural changes

In the previous sections, most of the studies reviewed have investigated relationships
between morphological changes within a single structure and a behavior mediated by the
same structure. Though morphological alterations are found in specific regions linked to a
behavior (for example, greater spine density in CA1 is associated with better performance
during eyeblink conditioning (Leuner and Shors, 2004; Shors et al., 2001), most behavioral
outcomes are more likely attributable to experience-dependent dendritic remodeling in
multiple structures within a circuit of interest (Leuner and Shors, 2013). For example, in
male rats, chronic restraint stress can remodel dendritic arbors across multiple structures:
within the CA1 and CA3 structures of the hippocampus, the prelimbic region of the medial
PFC, the basolateral amygdala (BLA), and BLA-projecting neurons in the infralimbic
cortex. It is important to consider how structural alteration of regional networks can affect
behavioral outcomes. Thus, looking at multiple structures within a circuit is necessary, as
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the balance of relative strength of synaptic activity within circuits may be a better predictor
of behavioral outcomes than dendritic or spine changes within a single structure.

In addition, limitations of the Golgi method have prevented a complete neuroanatomical
profile of neurons undergoing structural changes. For example, some morphological changes
may be specific to a certain population of neurons dependent upon their efferent target. We
have explored sex differences in circuit-specific responses to chronic stress within the
medial prefrontal cortex-basolateral amygdala pathway. The interconnectivity between
prefrontal cortex and amygdala is important for prefrontal inhibition of amygdala activity
(Quirk and Gehlert, 2003; Sotres-Bayon et al., 2004), and connections between these two
regions are critical modulators of a model of the regulation of emotional behavior, fear
conditioning and extinction. Though chronic stress-induced dendritic retraction of medial
prefrontal cortex has been demonstrated in male rats (McEwen, 2010), these neurons were
selected at random and therefore little is known about their projection targets. However,
when infralimbic cortex neurons that project to the BLA are identified via a retrograde
tracer, neurons within this specific pathway do not show stress-induced alterations (Shansky
et al., 2009). On the other hand, female rats showed stress-induced dendritic proliferation in
prelimbic cortex neurons, and this effect was estradiol-dependent (Garrett and Wellman,
2009). In contrast to the circuit-specific effect seen in males, BLA-projecting infralimbic
neurons of female rats showed dendritic proliferation in response to chronic stress while
unlabeled, randomly selected neurons were not altered by chronic stress (Shansky et al.,
2010). Additionally, Radley and colleagues (2013) examined chronic stress effects on
dendritic morphology in anterior bed nuclei of the stria terminalis (aBST) projecting PL
neurons. While there was no difference in stress induced dendritic retraction and reduction
of overall spine density between aBST-projecting and randomly labelled neurons, aBST-
projecting neurons were especially vulnerable to reductions in mushroom spine density.
Thus, it is important to identify specific neural circuits that may be especially important
mediators of behavior, and intra-circuit dendritic changes may be more revealing of
structure-function relationships than extra-circuit dendritic changes.

Conclusions and Future Directions

In order to directly assess a causal relationship between neuronal structure and function, it
will be necessary to directly measure synaptic strength. Though changes in spine
morphology have been conventionally used as a marker for synaptic strength, there are still
many unanswered questions. What is the identity of inputs synapsing on plastic spines?
What does the localization of changes in dendritic morphology or spine density (proximal
versus distal to the soma) confer about the functional properties of the neuron? Are
compensatory mechanisms in play that may obscure experience-dependent morphological
effects? Converging electrophysiological data with measures of dendritic morphology are a
first step in better demonstrating the link between dendritic arborization and behavior.
However, the electrophysiology studies reviewed in this paper were done in slice
preparations, in which many synaptic connections are severed. Future studies could
alternatively use approaches combining in vivo recordings with juxtacellular labelling of
neurons for morphology analysis as was done by Inokawa and colleagues (2010).
Additionally, future research should analyze morphology of specific subtypes of neurons
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that have a closer link to behavioral outcome measures. This can be achieved by combining
retrograde tracer labelling (Gruene et al., 2014; Radley et al., 2013; Shansky et al., 2010,
2009) with iontophoretic microinjection, or by targeting neurons that express a marker of
neuronal activity indicating their involvement during a certain behavioral paradigm. Finally,
a more direct way to uncover a causal link between dendritic structure and function is to
pharmacologically manipulate dendritic length or spine density and then determine a
behavioral outcome. For example, tianeptine treatment prior to restraint prevented both
stress-induced dendritic retraction in CA3 of the hippocampus and stress-induced
impairment of radial maze learning (Conrad et al., 1996; McEwen et al., 1997; Watanabe et
al., 1992a). However, because tianeptine delivery was not localized to a specific brain
region, a causal relationship between CA3 structure and function cannot be confirmed. A
more recent study utilized viral-mediate gene transfer to selectively manipulate Racl, a
small GTPase involved in cytoskeleton remodeling, to alter spine density within the nucleus
accumbens and behavioral responses to cocaine exposure (Dietz et al., 2012). With the
increased availability of optogenetics and DREADDs technology, similar approaches should
be used to investigate structure-function relationships in the hippocampus and mPFC. It is
clear that further study is required to explore the complex causal relationships among
dendritic arborization, spine morphology, and behavior.

References

Arnsten AFT. Stress signalling pathways that impair prefrontal cortex structure and function. Nat Rev
Neurosci. 2009; 10:410-22. [PubMed: 19455173]

Baran SE, Campbell AM, Kleen JK, Foltz CH, Wright RL, Diamond DM, Conrad CD. Combination of
high fat diet and chronic stress retracts hippocampal dendrites. Neuroreport. 2005; 16:39-43.
[PubMed: 15618887]

Birtoli B, Ulrich D. Firing Mode-Dependent Synaptic Plasticity in Rat Neocortical Pyramidal Neurons.
2004; 24:4935-4940.

Brown SM, Henning S, Wellman CL. Short-term, mild stress alters dendritic morphology in rat medial
prefrontal cortex. Cereb Cortex. 2005; 15:1714-1722. [PubMed: 15703248]

Burgos-Robles A, Vidal-Gonzalez I, Santini E, Quirk GJ. Consolidation of fear extinction requires
NMDA receptor-dependent bursting in the ventromedial prefrontal cortex. Neuron. 2007; 53:871—
80. [PubMed: 17359921]

Butcher RL, Collins WE, Fugo NW. Plasma Concentration of LH, FSH, Prolactin, Progesterone and
Estradiol-17p Throughout the 4-Day Estrous Cycle of the Rat. Endocrinology. 1974; 94:1704-1708.
[PubMed: 4857496]

Chen Y, Dubv® CM, Rice CJ, Baram TZ. Rapid Loss of Dendritic Spines after Stress Involves
Derangement of Spine Dynamics by Corticotropin-Releasing Hormone. J Neurosci. 2008; 28:2903—
2911. [PubMed: 18337421]

Conrad CD, Galea LA, Kuroda Y, McEwen BS. Chronic stress impairs rat spatial memory on the Y
maze, and this effect is blocked by tianeptine pretreatment. Behav Neurosci. 1996; 110:1321-34.
[PubMed: 8986335]

Conrad CD, LeDoux JE, Magarinos AM, McEwen BS, Magarifios aM. Repeated restraint stress
facilitates fear conditioning independently of causing hippocampal CA3 dendritic atrophy. Behav
Neurosci. 1999; 113:902-13. [PubMed: 10571474]

Conrad CD, McLaughlin KJ, Huynh TN, EI-Ashmawy M, Sparks M. Chronic stress and a cyclic
regimen of estradiol administration separately facilitate spatial memory: relationship with
hippocampal CAL1 spine density and dendritic complexity. Behav Neurosci. 2012; 126:142-156.
[PubMed: 22004264]

Horm Behav. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Farrell et al.

Page 10

Cook SC, Wellman CL. Chronic stress alters dendritic morphology in rat medial prefrontal cortex. J
Neurobiol. 2004; 60:236—248. [PubMed: 15266654]

Diamond DM, Campbell AM, Park CR, Woodson JC, Conrad CD, Bachstetter AD, Mervis RF.
Influence of predator stress on the consolidation versus retrieval of long-term spatial memory and
hippocampal spinogenesis. Hippocampus. 2006; 16:571-576.10.1002/hip0.20188 [PubMed:
16741974]

Dietz DM, Sun H, Lobo MK, Cahill ME, Chadwick B, Gao V, Koo JW, Mazei-Robison MS, Dias C,
Maze I, Damez-Werno D, Dietz KC, Scobie KN, Ferguson D, Christoffel D, Ohnishi Y, Hodes
GE, Zheng Y, Neve RL, Hahn KM, Russo SJ, Nestler EJ. Racl is essential in cocaine-induced
structural plasticity of nucleus accumbens neurons. Nat Neurosci. 2012; 15:891-6. [PubMed:
22522400]

Farrell MR, Sengelaub DR, Wellman CL. Sex differences and chronic stress effects on the neural
circuitry underlying fear conditioning and extinction. Physiol Behav. 2013; 122:208-215.
[PubMed: 23624153]

Fernandez SM, Lewis MC, Pechenino AS, Harburger LL, Orr PT, Gresack JE, Schafe GE, Frick KM.
Estradiol-induced enhancement of object memory consolidation involves hippocampal
extracellular signal-regulated kinase activation and membrane-bound estrogen receptors. J
Neurosci. 2008; 28:8660-7. [PubMed: 18753366]

Fu M, Yu X, Lu J, Zuo Y. Repetitive motor learning induces coordinated formation of clustered
dendritic spines in vivo. Nature. 2012; 483:92-5. [PubMed: 22343892]

Garrett JE, Wellman CL. Chronic stress effects on dendritic morphology in medial prefrontal cortex:
sex differences and estrogen dependence. Neuroscience. 2009; 162:195-207. [PubMed: 19401219]

Gerges NZ, Alzoubi KH, Park CR, Diamond DM, Alkadhi KA. Adverse effect of the combination of
hypothyroidism and chronic psychosocial stress on hippocampus-dependent memory in rats.
Behav Brain Res. 2004; 155:77-84. [PubMed: 15325781]

Gould E, Woolley CS, Frankfurt M, McEwen BS. Gonadal steroids regulate dendritic spine density in
hippocampal pyramidal cells in adulthood. J Neurosci. 1990; 10:1286-1291. [PubMed: 2329377]

Grudt TJ, Perl ER. Correlations between neuronal morphology and electrophysiological features in the
rodent superficial dorsal horn. J Physiol. 2002; 540:189-207. [PubMed: 11927679]

Gruene TM, Lipps J, Rey CD, Bouck A, Shansky RM. Heat exposure in female rats elicits abnormal
fear expression and cellular changes in prefrontal cortex and hippocampus. Neurobiol Learn Mem.
2014; 115:38-42. [PubMed: 24859751]

Gruene TM, Roberts E, Thomas V, Ronzio A, Shansky RM. Sex-specific neuroanatomical correlates
of fear expression in prefrontal-amygdala circuits. Biol Psychiatry. 2014

Hains AB, Vu MAT, Maciejewski PK, van Dyck CH, Gottron M, Arnsten AFT. Inhibition of protein
kinase C signaling protects prefrontal cortex dendritic spines and cognition from the effects of
chronic stress. Proc Natl Acad Sci U S A. 2009; 106:17957-62. [PubMed: 19805148]

Hao J, Rapp PR, Leffler AE, Leffler SR, Janssen WG, Lou W, McKay H, Roberts JA, Wearne SL, Hof
PR, Morrison JH. Estrogen alters spine number and morphology in prefrontal cortex of aged
female rhesus monkeys. J Neurosci. 2006; 26:2571-2578. [PubMed: 16510735]

Holmes A, Wellman CL. Stress-induced prefrontal reorganization and executive dysfunction in
rodents. Neurosci Biobehav Rev. 2009; 33:773-783. [PubMed: 19111570]

Humeau Y, Herry C, Kemp N, Shaban H, Fourcaudot E, Bissiere S, Luthi A. Dendritic spine
heterogeneity determines afferent-specific Hebbian plasticity in the amygdala. Neuron. 2005;
45:119-131. [PubMed: 15629707]

Inagaki T, Gautreaux C, Luine V. Acute estrogen treatment facilitates recognition memory
consolidation and alters monoamine levels in memory-related brain areas. Horm Behav. 2010;
58:415-26. [PubMed: 20553724]

Inokawa H, Yamada H, Matsumoto N, Muranishi M, Kimura M. Juxtacellular labeling of tonically
active neurons and phasically active neurons in the rat striatum. Neuroscience. 2010; 168:395—
404. [PubMed: 20371269]

Izquierdo A, Wellman CL, Holmes A. Brief uncontrollable stress causes dendritic retraction in
infralimbic cortex and resistance to fear extinction in mice. J Neurosci. 2006; 26:5733-5738.
[PubMed: 16723530]

Horm Behav. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Farrell et al.

Page 11

Kim JJ, Diamond DM. THE STRESSED HIPPOCAMPUS, SYNAPTIC PLASTICITY AND LOST
MEMORIES. 2002:3.

Koch C, Segev I. The role of single neurons in information processing. Nat Neurosci. 2000; 3(Suppl):
1171-1177. [PubMed: 11127834]

Kolb B, Stewart J. Sex-related differences in dendritic branching of cells in the prefrontal cortex of
rats. J Neuroendocrinol. 1991; 3:95-99. [PubMed: 19215453]

Kole MHP, Costoli T, Koolhaas JM, Fuchs E. Bidirectional shift in the cornu ammonis 3 pyramidal
dendritic organization following brief stress. Neuroscience. 2004; 125:337-47. [PubMed:
15062977]

Krichmar JL, Nasuto SJ, Scorcioni R, Washington SD, Ascoli Ga. Effects of dendritic morphology on
CA3 pyramidal cell electrophysiology: a simulation study. Brain Res. 2002; 941:11-28. [PubMed:
12031543]

Lambert KG, Buckelew SK, Staffiso-Sandoz G, Gaffga S, Carpenter W, Fisher J, Kinsley CH.
Activity-stress induces atrophy of apical dendrites of hippocampal pyramidal neurons in male rats.
Physiol Behav. 1998; 65:43-9. [PubMed: 9811363]

Leuner B, Fredericks PJ, Nealer C, Albin-Brooks C. Chronic gestational stress leads to depressive-like
behavior and compromises medial prefrontal cortex structure and function during the postpartum
period. PLoS One. 2014; 9:e89912. [PubMed: 24594708]

Leuner B, Gould E. Dendritic growth in medial prefrontal cortex and cognitive flexibility are enhanced
during the postpartum period. J Neurosci. 2010; 30:13499-503. [PubMed: 20926675]

Leuner B, Shors TJ. New spines, new memories. Mol Neurobiol. 2004; 29:117-130. [PubMed:
15126680]

Leuner B, Shors TJ. Stress, anxiety, and dendritic spines: what are the connections? Neuroscience.
2013; 251:108-19. [PubMed: 22522470]

Li C, Brake WG, Romeo RD, Dunlop JC, Gordon M, Buzescu R, Magarinos AM, Allen PB,
Greengard P, Luine V, McEwen BS. Estrogen alters hippocampal dendritic spine shape and
enhances synaptic protein immunoreactivity and spatial memory in female mice. Proc Natl Acad
Sci United States Am. 2004; 101:2185-2190.

Liston C, Miller MM, Goldwater DS, Radley JJ, Rocher AB, Hof PR, Morrison JH, McEwen BS.
Stress-induced alterations in prefrontal cortical dendritic morphology predict selective
impairments in perceptual attentional set-shifting. J Neurosci. 2006; 26:7870-7874. [PubMed:
16870732]

Liston C, Miller MM, Goldwater DS, Radley JJ, Rocher AB, Hof PR, Morrison JH, McEwen BS.
Stress-induced alterations in prefrontal cortical dendritic morphology predict selective
impairments in perceptual attentional set-shifting. J Neurosci. 2006; 26:7870-7874. [PubMed:
16870732]

Lu 'Y, Inokuchi H, McLachlan EM, Li JS, Higashi H. Correlation between electrophysiology and
morphology of three groups of neuron in the dorsal commissural nucleus of lumbosacral spinal
cord of mature rats studied in vitro. J Comp Neurol. 2001; 437:156-169. [PubMed: 11494249]

Luine V, Villegas M, Martinez C, McEwen BS. Repeated stress causes reversible impairments of
spatial memory performance. Brain Res. 1994; 639:167-70. [PubMed: 8180832]

Luine VN, Jacome LF, Maclusky NJ. Rapid enhancement of visual and place memory by estrogens in
rats. Endocrinology. 2003; 144:2836-44. [PubMed: 12810538]

Ma WP, Cao J, Tian M, Cui MH, Han HL, Yang Y X, Xu L. Exposure to chronic constant light impairs
spatial memory and influences long-term depression in rats. Neurosci Res. 2007; 59:224-30.
[PubMed: 17692419]

Magarifios AM, McEwen BS. Stress-induced atrophy of apical dendrites of hippocampal CA3c
neurons: comparison of stressors. Neuroscience. 1995; 69:83-8. [PubMed: 8637635]

Magarinos, Ana Maria; McEwen, Bruce S.; Fluegge, Fuchs E. Chronic Psychosocial Stress
Hippocampal CA3 Pyramidal Causes Apical Dendritic Neurons in Subordinate Atrophy of Tree
Shrews. J Neurosci. 1996; 76:3534-3540. [PubMed: 8627386]

Mainen ZF, Sejnowski TJ. Influence of dendritic structure on firing pattern in model neocortical
neurons. Nature. 1996; 382:363-366. [PubMed: 8684467]

Horm Behav. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Farrell et al.

Page 12

Markham JA, Pych JC, Juraska JM. Ovarian hormone replacement to aged ovariectomized female rats
benefits acquisition of the morris water maze. Horm Behav. 2002; 42:284-293. [PubMed:
12460588]

Martin KP, Wellman CL. NMDA receptor blockade alters stress-induced dendritic remodeling in
medial prefrontal cortex. Cereb Cortex. 2011; 21:2366-2373. [PubMed: 21383235]

Matsuzaki M, Ellis-Davies GC, Nemoto T, Miyashita Y, lino M, Kasai H. Dendritic spine geometry is
critical for AMPA receptor expression in hippocampal CA1 pyramidal neurons. Nat Neurosci.
2001; 4:1086-1092. [PubMed: 11687814]

McEwen BS. Stress, sex, and neural adaptation to a changing environment: mechanisms of neuronal
remodeling. Ann N'Y Acad Sci. 2010; 1204(Suppl):E38-59. [PubMed: 20840167]

McEwen BS, Conrad CD, Kuroda Y, Frankfurt M, Maria Magarinos A, McKittrick C. Prevention of
stress-induced morphological and cognitive consequences. Eur Neuropsychopharmacol. 1997;
7:5323-S328. [PubMed: 9405958]

McEwen BS, Morrison JH. The brain on stress: vulnerability and plasticity of the prefrontal cortex
over the life course. Neuron. 2013; 79:16-29. [PubMed: 23849196]

McKittrick CR, Magarifios AM, Blanchard DC, Blanchard RJ, McEwen BS, Sakai RR. Chronic social
stress reduces dendritic arbors in CA3 of hippocampus and decreases binding to serotonin
transporter sites. Synapse. 2000; 36:85-94. [PubMed: 10767055]

McLaughlin KJ, Baran SE, Wright RL, Conrad CD. Chronic stress enhances spatial memory in
ovariectomized female rats despite CA3 dendritic retraction: possible involvement of CA1
neurons. Neuroscience. 2005; 135:1045-1054. [PubMed: 16165283]

McLaughlin KJ, Gomez JL, Baran SE, Conrad CD. The effects of chronic stress on hippocampal
morphology and function: an evaluation of chronic restraint paradigms. Brain Res. 2007; 1161:56—
64. [PubMed: 17603026]

Meller R, Thompson SJ, Lusardi TA, Ordonez AN, Ashley MD, Jessick VV, Wang W, Torrey DJ,
Henshall DC, Gafken PR, Saugstad JA, Xiong ZG, Simon RP. Ubiquitin,AiProteasome-Mediated
Synaptic Reorganization: A Novel Mechanism Underlying Rapid Ischemic Tolerance. J Neurosci.
2008; 28:50-59. [PubMed: 18171922]

Moser MB, Trommald M, Andersen P. An increase in dendritic spine density on hippocampal CA1
pyramidal cells following spatial learning in adult rats suggests the formation of new synapses.
Proc Natl Acad Sci U S A. 1994; 91:12673-5. [PubMed: 7809099]

Mucha M, Skrzypiec AE, Schiavon E, Attwood BK, Kucerova E, Pawlak R. Lipocalin-2 controls
neuronal excitability and anxiety by regulating dendritic spine formation and maturation.
2011:2011.

Narayanan R, Chattarji S. Computational analysis of the impact of chronic stress on intrinsic and
synaptic excitability in the hippocampus. J Neurophysiol. 2010; 103:3070-83. [PubMed:
20457854]

Park CR, Campbell AM, Diamond DM. Chronic psychosocial stress impairs learning and memory and
increases sensitivity to yohimbine in adult rats. Biol Psychiatry. 2001; 50:994-1004. [PubMed:
11750896]

Phan A, Gabor CS, Favaro KJ, Kaschack S, Armstrong JN, MacLusky NJ, Choleris E. Low doses of
17B-estradiol rapidly improve learning and increase hippocampal dendritic spines.
Neuropsychopharmacology. 2012; 37:2299-309. [PubMed: 22669167]

Pike FG, Meredith RM, Olding AWA, Paulsen O. Rapid Report Postsynaptic bursting is essential for
“Hebbian” induction of associative long-term potentiation at excitatory synapses in rat
hippocampus. 1999:571-576.

Quirk GJ, Gehlert DR. Inhibition of the amygdala: key to pathological states? Ann N Y Acad Sci.
2003; 985:263-272. [PubMed: 12724164]

Radley JJ, Anderson RM, Hamilton Ba, Alcock Ja, Romig-Martin Sa. Chronic stress-induced
alterations of dendritic spine subtypes predict functional decrements in an hypothalamo-pituitary-
adrenal-inhibitory prefrontal circuit. J Neurosci. 2013; 33:14379-91. [PubMed: 24005291]

Radley JJ, Rocher AB, Janssen WG, Hof PR, McEwen BS, Morrison JH. Reversibility of apical
dendritic retraction in the rat medial prefrontal cortex following repeated stress. Exp Neurol. 2005;
196:199-203. [PubMed: 16095592]

Horm Behav. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Farrell et al.

Page 13

Radley JJ, Rocher AB, Miller M, Janssen WG, Liston C, Hof PR, McEwen BS, Morrison JH.
Repeated stress induces dendritic spine loss in the rat medial prefrontal cortex. Cereb Cortex.
2006; 16:313-320. [PubMed: 15901656]

Radley JJ, Sisti HM, Hao J, Rocher AB, McCall T, Hof PR, McEwen BS, Morrison JH. Chronic
behavioral stress induces apical dendritic reorganization in pyramidal neurons of the medial
prefrontal cortex. Neuroscience. 2004; 125:1-6. [PubMed: 15051139]

Rall W, Burke RE, Holmes WR, Jack JJ, Redman SJ, Segev I. Matching dendritic neuron models to
experimental data. Physiol Rev. 1992; 72:5159-86. [PubMed: 1438585]

Rhodes PA, Llinds RR. Apical tuft input efficacy in layer 5 pyramidal cells from rat visual cortex. J
Physiol. 2001; 536:167-187. [PubMed: 11579167]

Robinson TE, Kolb B. Alterations in the morphology of dendrites and dendritic spines in the nucleus
accumbens and prefrontal cortex following repeated treatment with amphetamine or cocaine. Eur J
Neurosci. 1999; 11:1598-1604. [PubMed: 10215912]

Robinson TE, Kolb B. Structural plasticity associated with exposure to drugs of abuse.
Neuropharmacology. 2004; 47(Suppl 1):33-46. [PubMed: 15464124]

Russo SJ, Dietz DM, Dumitriu D, Morrison JH, Malenka RC, Nestler EJ. The addicted synapse:
mechanisms of synaptic and structural plasticity in nucleus accumbens. Trends Neurosci. 2010;
33:267-76. [PubMed: 20207024]

Sandi C, Davies HA, Cordero MI, Rodriguez JJ, Popov VI, Stewart MG. Rapid reversal of stress
induced loss of synapses in CA3 of rat hippocampus following water maze training. Eur J
Neurosci. 2003; 17:2447-56. [PubMed: 12814376]

Sebastian V, Estil JB, Chen D, Schrott LM, Serrano Pa. Acute physiological stress promotes clustering
of synaptic markers and alters spine morphology in the hippocampus. PL0oS One. 2013; 8:79077.
[PubMed: 24205365]

Shansky RM, Hamo C, Hof PR, Lou W, McEwen BS, Morrison JH. Estrogen Promotes Stress
Sensitivity in a Prefrontal Cortex-Amygdala Pathway. Cereb Cortex. 2010; 20:2560-2567.
[PubMed: 20139149]

Shansky RM, Hamo C, Hof PR, McEwen BS, Morrison JH. Stress-Induced Dendritic Remodeling in
the Prefrontal Cortex is Circuit Specific. Cereb Cortex. 2009; 19:2479-2484. [PubMed: 19193712]

Shors TJ. Opposite effects of stressful experience on memory formation in males versus females.
Dialogues Clin Neurosci. 2002; 4:139-47. [PubMed: 22033590]

Shors TJ, Chua C, Falduto J. Sex differences and opposite effects of stress on dendritic spine density in
the male versus female hippocampus. J Neurosci. 2001; 21:6292-6297. [PubMed: 11487652]

Song L, Che W, Min-Wei W, Murakami Y, Matsumoto K. Impairment of the spatial learning and
memory induced by learned helplessness and chronic mild stress. Pharmacol Biochem Behav.
2006; 83:186-93. [PubMed: 16519925]

Sotres-Bayon F, Bush DEa, LeDoux JE. Emotional Perseveration: An Update on Prefrontal-Amygdala
Interactions in Fear Extinction. Learn Mem. 2004; 11:525-535. [PubMed: 15466303]

Sousa N, Lukoyanov NV, Madeira MD, Almeida of F, Paula-Barbosa MM. Erratum to
“Reorganization of the morphology of hippocampal neurites and synapses after stress-induced
damage correlates with behavioral improvement”. Neuroscience. 2000; 101:483. [PubMed:
11074170]

Spruston N. Pyramidal neurons: dendritic structure and synaptic integration. Nat Rev Neurosci. 2008;
9:206-221. [PubMed: 18270515]

Thomas MJ, Watabe AM, Moody TD, Makhinson M, Dell TJO. Postsynaptic Complex Spike Bursting
Enables the Induction of LTP by Theta Frequency Synaptic Stimulation. 1998; 18:7118-7126.

Van Elburg, RaJ; van Ooyen, A. Impact of dendritic size and dendritic topology on burst firing in
pyramidal cells. PLoS Comput Biol. 2010; 6:€1000781. [PubMed: 20485556]

Vyas A, Mitra R, Shankaranarayana Rao BS, Chattarji S. Chronic Stress Induces Contrasting Patterns
of Dendritic Remodeling in Hippocampal and Amygdaloid Neurons. J Neurosci. 2002; 22:6810—
6818. [PubMed: 12151561]

Walf AA, Koonce CJ, Frye CA. Estradiol or diarylpropionitrile decrease anxiety-like behavior of
wildtype, but not estrogen receptor beta knockout, mice. Behav Neurosci. 2008; 122:974-981.
[PubMed: 18823154]

Horm Behav. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Farrell et al.

Page 14

Wallace M, Luine V, Arellanos A, Frankfurt M. Ovariectomized rats show decreased recognition
memory and spine density in the hippocampus and prefrontal cortex. Brain Res. 2006; 1126:176—
182. [PubMed: 16934233]

Watanabe Y, Gould E, Daniels DC, Cameron H, McEwen BS. Tianeptine attenuates stress-induced
morphological changes in the hippocampus. Eur J Pharmacol. 1992a; 222:157-62. [PubMed:
1468492]

Watanabe Y, Gould E, McEwen BS. Stress induces atrophy of apical dendrites of hippocampal CA3
pyramidal neurons. Brain Res. 1992b; 588:341-5. [PubMed: 1393587]

Wellman CL. Dendritic reorganization in pyramidal neurons in medial prefrontal cortex after chronic
corticosterone administration. J Neurobiol. 2001; 49:245-253. [PubMed: 11745662]

Woolley CS. Estrogen-mediated structural and functional synaptic plasticity in the female rat
hippocampus. Horm Behav. 1998; 34:140-148. [PubMed: 9799624]

Woolley CS, Gould E, Frankfurt M, McEwen BS. Naturally occurring fluctuation in dendritic spine
density on adult hippocampal pyramidal neurons. J Neurosci. 1990; 10:4035-4039. [PubMed:
2269895]

Horm Behav. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Farrell et al.

Page 15

Highlights

1. Stress and gonadal hormones alter neuronal structure in the prefrontal cortex
and hippocampus

2. Direct evaluation of the functional significance of structural plasticity is
difficult.

3. Integrating electrophysiological measures with behavior and neuroanatomy may
lead to better insights.
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