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ABSTRACT 

SEX- AND AGE-ASSOCIATED EFFECTS ON THE RETROSPLENIAL CORTEX 

FOLLOWING TRACE FEAR LEARNING 

 

by 

 

Hanna Yousuf 

 

The University of Wisconsin-Milwaukee, 2021 

Under the Supervision of Dr. James R. Moyer, Jr. 

 

 

The rodent granular retrosplenial cortex (gRSC) forms reciprocal connections with the 

thalamus and hippocampus (Van Groen and Wyss, 1990, 1992; Sugar et al., 2011). The gRSC is 

well-positioned to coordinate information between higher-order brain structures to support 

complex forms of memory such as associative trace fear memories (Kwapis et al., 2014, 2015). 

Further, sex differences in fear learning and mechanisms underlying fear memories are observed 

in many of the brain regions implicated in trace fear learning such as the hippocampus, 

amygdala, and mPFC (Maren et al., 1994; Dalla et al., 2009; Gresack et al., 2009; Blume et al., 

2017; Keiser et al., 2017), however, few studies have investigated sex differences in the RSC. 

The male gRSC has a diverse population of neuronal firing types, a likely requirement to encode 

complex associative memories. Cell types that are found in the rat gRSC include regular spiking 

(RS), regular spiking afterdepolarization (RSADP), burst firing, fast spiking, and late spiking 

neurons. The neuronal distribution drastically changes from the RS-dominant early adolescent to 

the RSADP-dominant mid-adolescent and adult gRSC. The afterdepolarization (ADP) component 

plays a key role in gRSC development but is also able to promote excitability and plasticity in 

fear-related regions (Azouz et al., 1996; Pike et al., 1999; Yousuf et al., 2020b). Thus, the first 

aim of this dissertation was to examine sex-dependent mechanisms underlying the ADP in RSADP 

neurons of the gRSC. Using whole-cell patch-clamp electrophysiology and morphological 
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analysis, we determined that N-methyl-D-aspartate (NMDA) receptor blockers reduce the ADP 

in female but not male RSADP neurons. Additionally, dendritic complexity and branching is 

reduced in male RSADP neurons compared to male RS neurons, whereas dendritic complexity is 

similar in female RS and RSADP neurons. These data suggest that while NMDA receptor activity 

mediates the ADP in females, dendritic morphology may regulate it in males.  

The second aim of this dissertation used Pavlovian fear conditioning and patch-clamp 

electrophysiology to examine sex differences in the developmental trajectory of trace memories. 

Females show a positive linear trend in fear retrieval across early adolescence, mid-adolescence, 

and adulthood. Conversely, males exhibit a nonlinear trajectory where mid-adolescent rats have 

reduced fear retrieval compared to early adolescents and adults. Sex differences are noted only 

during early adolescence where males have stronger retrieval of trace fear compared to females. 

Similarly, sex differences in excitability of RSADP neurons in the gRSC are present during early 

adolescence, in which males fire more action potentials compared to females. Next, we 

investigated how fear retrieval alters distinct neuronal firing types in the male and female gRSC. 

In males, fear learning or exposure to novel stimuli reduces excitability of RSADP neurons in the 

early adolescent, mid-adolescent, and adult gRSC. However, in females, trace fear memory 

formation or exposure to novel stimuli suppresses excitability of both RS and RSADP neurons 

only in the adult gRSC. These data suggest that the male RSC is part of the trace fear circuitry 

early in development, whereas the female RSC may join the circuit later in development. 

Collectively, the results from this dissertation provide evidence that the male and female gRSC 

require distinct mechanisms to reach maturity, and are differentially affected by learning or novel 

experiences. Our work can provide insight regarding formation of maladaptive memories that 

underlie anxiety disorders that disproportionately affect women and adolescent girls. 
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CHAPTER ONE: Introduction and background information 

Pavlovian fear conditioning  

Pavlovian fear conditioning refers to learned associations between nonthreatening 

environmental stimuli and aversive events (Pavlov, 1927). Formation of fear memories is an 

evolutionary conserved process that allows organisms to survive against threat (Maren, 2001; 

Fanselow and Sterlace, 2014). When adequately expressed, fear increases the chances of survival, 

however, maladaptive fear memories can lead to anxiety disorders or posttraumatic stress disorder. 

Thus, Pavlovian fear conditioning not only serves as a model for anxiety disorders but it is also 

useful to investigate cellular mechanisms of learning and memory (Thompson and Krupa, 1994; 

Krasne and Glanzman, 1995; Holland and Gallagher, 1999). To date, there has been an exponential 

growth in different types of fear conditioning studies across many species (Fanselow and Sterlace, 

2014). The earliest study of fear conditioning was conducted in infants, and is famously known as 

the “Little Albert” study (Watson and Rayner, 1920). In this study, a 9 month old infant (Albert) 

was conditioned to associate a white rat (conditioned stimulus; CS) with a loud noise 

(unconditioned stimulus; US). Following several pairings of the white rat and loud noise, Albert 

showed signs of distress (conditioned response; CR) when he was only presented with the rat. 

Similarly, in the laboratory, classical fear conditioning in rodents involves pairings of a neutral 

cue such as a light or tone (CS) with an aversive cue such as a mild footshock (US), which naturally 

elicits a stereospecific freezing or crouching response as the unconditioned response (UR). A 

learned association between CS and US occurs over multiple pairings of the two stimuli, which 

results in freezing behaviors (CR) to the CS alone. Thus, classical fear conditioning coupled with 

morphological, electrophysiological, and molecular techniques is an invaluable tool to elucidate 

mechanisms of learning and memory. 
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There are several types of fear conditioning paradigms, however, the more commonly used 

paradigms include context fear conditioning, delay fear conditioning, and trace fear conditioning. 

In contextual fear conditioning experiments, animals are placed in a context (CS) and receive a 

mild foot shock (US). When re-exposed to the training context, animals demonstrate a freezing 

response (CR) as they associate the environment with the aversive stimulus. Contextual regulation 

of associative fear learning and retrieval involves several brain structures including the medial 

prefrontal cortex (mPFC), hippocampus, and amygdala (Quirk et al., 2003; Herry et al., 2008; 

Orsini et al., 2011; Adhikari et al., 2011; Knapska et al., 2012; Sotres-Bayon et al., 2012). Another 

widely used type of fear conditioning is known as delay fear conditioning, in which a tone or a 

light (CS) is paired with a footshock (US). The CS offset overlaps with US onset, and elicits a 

freezing response (CR). The neural circuit for delay fear conditioning is simple and requires the 

brainstem and amygdala (Phillips and LeDoux, 1992; LeDoux, 2000; Kitamura et al., 2015). 

However, a subtle change in delay fear conditioning such as a brief temporal gap (30 s) or ‘trace’ 

interval between the CS and US (trace fear conditioning) can dramatically change the neural 

circuit. Explicit, declarative knowledge of the CS-US contingencies in trace fear learning (but not 

delay fear learning) requires the interaction of several subcortical and cortical brain regions, 

including the amygdala, hippocampus, mPFC, rhinal, and retrosplenial cortices (Knight et al., 

2004; Esclassan et al., 2009a, 2009b; Gilmartin and Helmstetter, 2010; Kwapis et al., 2011; 

Gilmartin et al., 2012; Kwapis et al., 2015). Thus, trace fear conditioning is an excellent paradigm 

to investigate cellular and molecular mechanisms that underlie complex forms of learning that 

involve higher-order brain structures. Although many of the brain regions recruited in trace fear 

including the hippocampus, mPFC, and amygdala are extensively studied, the role of the 
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retrosplenial cortex (RSC) in trace fear learning remains poorly understood. Therefore, the overall 

goal of this dissertation is to understand the physiological properties of the RSC, and how they are 

altered as a consequence of trace fear learning. 

Location, connectivity, and function of the retrosplenial cortex 

The RSC is one of the largest cortical regions, extending over half the length of the 

cerebrum of the rat brain (Vann et al., 2009; Todd and Bucci, 2015). The anterior (aRSC) and 

posterior (pRSC) subregions (Figure 1) are known to be functionally distinct, in which the aRSC 

selectively processes the event-related (tone) component, and the pRSC processes the contextual 

component of the fear memory (Trask et al., 2021). Along the anterior-posterior axis, the RSC is 

further subdivided into the granular (Brodmann area 29; Figure 1) and dysgranular region 

(Brodmann area 30; Figure 1). Based on cytoarchitectural features, the granular RSC (gRSC) can 

be further subdivided into areas 29a, 29b, and 29c. Area 29a is the most ventral subdivision of the 

gRSC with a homogenous layer 2/3 (Vogt and Peters, 1981; Sugar et al., 2011; Figure 1). Dorsally 

adjacent to area 29a, area 29b consists of a densely packed layer 2/3. Compared to areas 29a and 

29b, pyramidal cells bodies in area 29c are more randomly spaced (Van Groen and Wyss, 1990; 

Jones et al., 2005; Sugar et al., 2011; Figure 1). The dysgranular region (area 30) of the RSC does 

not have subregions but neuronal cell bodies in this region are larger and less densely packed 

compared to the gRSC (area 29; Krieg, 1946; Vogt and Peters, 1981; Van Groen and Wyss, 1990; 

Jones et al., 2005; Figure 1). The gRSC and dysgranular RSC are distinguishable by their 

reciprocal connections with different brain structures. For example, the gRSC forms connections 

with the anterior thalamic nuclei, whereas the dysgranular RSC is interconnected with the visual 

cortex (Vogt and Miller, 1983; Vann et al., 2009). The RSC (granular and dysgranular) forms 

reciprocal connections with the cingulate cortex, hippocampal formation (subiculum, 

presubiculum, and parasubiculum), entorhinal cortex, and parahippocampal region (Van Groen 
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and Wyss, 1990, 1992; Agster and Burwell, 2009; Sugar et al., 2011; Aggleton et al., 2012). The 

RSC acts as an intermediate node by forming reciprocal connections with the dorsolateral 

prefrontal cortex, providing an indirect route between the hippocampus and dorsolateral prefrontal 

cortex (Morris et al., 1999; Todd et al., 2019). Together, the anatomical connectivity of the RSC 

to the thalamus, hippocampus, and mPFC highlights its distinct role for fear memory formation.  

Figure 1. Representations of the retrosplenial cortex (RSC), hippocampal formation (HF), and the 

parahippocampal region in the rat brain. Four coronal sections of the rat brain. The RSC is subdivided into anterior 

(A1) and posterior (A2, A3, A4) regions. Along the anterior-posterior axis, the RSC is further subdivided into A29ab, 

A29c, and A30. The HF consists of the dentate gyrus (DG), CA3, CA2, CA1, and the subiculum (Sub). The PHR is 

subdivided into the presubiculum (PrS), parasubiculum (PaS), the entorhinal cortex, which has a lateral (LEA) and a 

medial (MEA) subdivision, the perirhinal cortex (PER; consisting of Brodmann areas A35 and A36) and the postrhinal 

cortex (POR). Adapted from Sugar et al., 2011. 

 

Role of retrosplenial cortex in fear learning 

The RSC is known to be involved in different types of fear conditioning including 

contextual fear conditioning. For example, one recent study used cFos genetic tagging to label 

mouse RSC cells that are active during contextual fear conditioning (Cowansage et al., 2014). 

Optogenetic reactivation of the tagged RSC cells in a novel (not training) context induces high 

freezing responses in mice (Cowansage et al., 2014). RSC lesioned rats are unable to acquire or 

retrieve contextual fear memories compared to controls (Keene and Bucci 2008a, 2008b; Robinson 

A1 A2 A4 A3 

Anterior Posterior 

Dorsal 

Ventral 
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et al., 2018). Further, infusions of a protein synthesis inhibitor, anisomycin (Kwapis et al., 2015) 

or N-methyl-D-aspartate (NMDA) receptor antagonists (Corcoran et al., 2011) in the rat RSC 

inhibits retrieval of context fear memories. Pharmacological blockade or lesions of the RSC 

attenuates retrieval of recent contextual fear conditioning (Keene and Bucci, 2008a, 2008b; 

Corcoran et al., 2011; Kwapis et al., 2015), however, RSC involvement is also evident in remotely 

acquired contextual fear memories where NMDA receptor blockade or lesions of the rodent RSC 

impairs retrieval of remote memories, approximately 8 weeks after contextual fear conditioning 

(Corcoran et al., 2011; Todd et al., 2016). Taken together, the RSC is necessary for retrieval of 

both recent and remote contextual fear memories. 

Substantial evidence indicates that damage or inactivation of the RSC does not affect delay 

fear conditioning (CS and US overlap in time). Lesions or NMDA receptor inhibition to the rat 

RSC made prior to or after delay fear conditioning does not impair fear expression in rats (Keene 

and Bucci, 2008a, 2008b; Corcoran et al., 2011; Kwapis et al., 2014, 2015). The RSC has a limited 

role in a conditioned suppression task, which involves initial training to lever press for food 

reinforcement. In this task, a CS is paired with an aversive US, and typically rats suppress lever 

pressing (CR) in the presence of the CS alone. RSC and sham lesioned rats exhibit a similar number 

of lever presses in response to the CS (Todd et al., 2017). Similarly, the RSC has minimal 

involvement when the CS overlaps with a positive reinforcement (e.g. food; Keene and Bucci, 

2008c; Robinson et al., 2011). RSC manipulations do not affect acquisition or retrieval of recent 

delay fear memories, however, one study shows that the rat RSC may selectively be involved in 

retrieval of remote delay fear memories in rats (Todd et al., 2016). Overall, except for remote delay 

fear memories, the RSC is not involved in delay fear learning across a range of stimuli, reinforcers, 

and conditioning paradigms.   
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The role of RSC is sensitive to the temporal relationship between the CS and US as it has 

shown to be necessary for trace fear conditioning (CS is separated from the US). Infusions of a 

protein synthesis inhibitor in the rat RSC prior to training impairs acquisition of trace fear 

conditioning (Kwapis et al., 2015). Likewise, infusions of NMDA receptor antagonists in the rat 

RSC following trace fear conditioning disrupts retrieval of trace fear memories (Kwapis et al., 

2014, 2015). Using selective chemogenetic approaches, inactivation of the rat RSC disrupts 

retrieval of remote trace fear memories (Todd et al., 2016). Thus, the RSC’s distinct involvement 

in trace fear learning shows that this region is critical for higher-order fear learning. 

In summary, the rodent RSC is a key node in neural circuits mediating trace and context 

fear learning (Corcoran et al., 2011, 2013; Kwapis et al., 2014, 2015). These classical fear 

conditioning paradigms provide critical insight into how learning regulates intrinsic plasticity in 

many cortical and subcortical brain regions of the fear circuit including the amygdala (Rosenkranz 

and Grace, 2002; Sehgal et al., 2014), hippocampus (McKay et al., 2009; Song et al., 2012; Zhang 

et al., 2017), and mPFC (Santini et al., 2008; Sepulveda-Orengo et al., 2013; Song et al., 2015). 

To date, no studies have investigated how fear learning can alter neuronal plasticity in the RSC. 

The following section highlights mechanisms underlying intrinsic plasticity as well as our current 

understanding of the RSC physiology. 

Plasticity of intrinsic membrane properties in the retrosplenial cortex 

Associative fear memories or other types of memories lead to persistent, experience-

dependent modifications in synaptic strength. Learning-related plastic changes can occur at the 

level of the synapse in the form of long-term potentiation (LTP) or long-term depression (LTD) or 

nonsynaptic changes that are intrinsic to the neuron (Daoudal and Debanne, 2003; Mozzachiodi 

and Byrne, 2010; Sehgal et al., 2013; Dunn and Kaczorowski, 2019; Yousuf et al., 2020a). 

Historically, synaptic plasticity has been extensively investigated as a cellular mechanism for 
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learning and memory. Much of the work on LTP has been focused on the perforant pathway of the 

hippocampus, which involves a high frequency stimulation to induce a robust and persistent 

enhancement of synaptic strength (Bliss and Lomo, 1973). Since the landmark findings of Bliss 

and Lomo, LTP has been observed in other fear-related brain structures including the amygdala 

and cerebellum (Racine et al., 1986; Chapman et al., 1990; Laroche et al., 1990). LTP occurs in a 

synapse-specific manner and multiple factors including stimulation patterns and neuromodulators 

can regulate LTP expression (Bliss and Lomo, 1973; Lynch et al., 1977; Lynch, 2004; Kumar, 

2011; Lüscher and Malenka, 2012; Herring and Nicoll, 2016). However, learning-induced 

plasticity is not limited to modifications of the synapse as intrinsic membrane properties (resting 

and voltage-dependent channels) determine the likelihood of a neuron firing action potentials 

(APs) in response to synaptic inputs. Specifically, learning alters several intrinsic properties 

including AP amplitude, AP half-width, and afterdepolarization (ADP), which may influence 

neuronal excitability. Moreover, enhanced intrinsic excitability (reduced spike frequency 

adaptation) is correlated with enhanced learning (Disterhoft et al., 1986, 1988; Figure 2). Spike 

frequency adaptation is mediated by an afterhyperpolarization (AHP) current, and reduced AHP 

increases AP firing frequency (Disterhoft and Oh, 2006; Oh et al., 2010; Figure 2). The AHP acts 

as a negative feedback mechanism, and has three components: fast afterhyperpolarization (fAHP; 

within 2-5 ms of an AP), medium afterhyperpolarization (mAHP; 50-150 ms following a burst of 

APs), and slow afterhyperpolarization (sAHP; 1 s following a burst of APs; Storm, 1987, 1989; 

Sah and Bekkers, 1996; Kaczorowski et al., 2007; Song and Moyer, 2017). Fear learning increases 

intrinsic excitability, and reduces AHP in several brain structures including the amygdala (Sehgal 

et al., 2014), hippocampus (Kaczorowski and Disterhoft, 2009; McKay et al., 2009; Song et al., 

2012; Dunn et al., 2018), and mPFC (Santini et al., 2008; Santini and Porter, 2010; Sepulveda-
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Orengo et al., 2013; Soler-Cedeno et al., 2016). Taken together, it is evident that learning 

modulates both synaptic and nonsynaptic (intrinsic) ion channels, and receptors within the fear 

circuit (Mayford et al., 2012; Sehgal et al., 2013; Yousuf et al., 2020a). 

It is clear that intrinsic and synaptic plasticity are mechanisms that are tightly coupled, such 

that enhanced intrinsic excitability promotes synaptic throughput in the brain (for extensive 

reviews see Sehgal et al., 2013; Yousuf et al., 2020a). However, how associative fear learning 

modulates intrinsic plasticity within the RSC has not yet been studied. So far, we have investigated 

that the RSC has a heterogeneous neuronal population, and the intrinsic and morphological 

properties of RSC neurons have unique characteristics, which may promote learning-related 

intrinsic excitability (Brennan et al., 2020; Yousuf et al., 2020b). 

Figure 2. Synaptic and intrinsic properties modulate the flow of information within a neuron. Middle panel 

shows a confocal image of a retrosplenial cortical neuron that was filled with biocytin during whole-cell patch-clamp 

recording. Numbers 1, 2, 3, 4, 5 and 6 refer to the boxes in the left and right panels. (1) Most neuronal inputs originate 

via synapses on the dendrites and dendritic spines, which can undergo bidirectional plasticity in the form of LTP and 

LTD. Such plasticity is modulated by AMPA and NMDA receptor-mediated transmission as well as intrinsic 

membrane properties. (2) Following synaptic transmission, EPSPs are propagated from their site of generation towards 

the soma and AP zone. Propagation of EPSPs is influenced by dendritic cable as well as active membrane properties. 

(3) Once the signal reaches the soma, the increased likelihood for an EPSP to fire an AP is termed E-S potentiation. 

Factors including AP threshold and resting membrane potential determine AP initiation. (4) Increased neuronal 

excitability (e.g., reduction in the postburst AHP and/or spike frequency adaptation) promotes an output signal. (5) 

Other intrinsic factors including AP amplitude, AP duration, and the presence or absence of an ADP also influence 

neuronal excitability, which modulates neuronal processing and synaptic throughput. (6) Synaptic efficacy is also 

influenced by backpropagating APs, which are mediated by complex dendritic morphology, and dendritic ionic 
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conductances such as IA currents. Abbreviations: long-term potentiation (LTP); long-term depression (LTD); 

excitatory postsynaptic potential (EPSP); EPSP-spike (E-S); action potential (AP); afterdepolarization (ADP). 

Electrophysiological traces in boxes 3 and 6 were adapted from Daoudal et al., 2002 (Copyright (2002) National 

Academy of Sciences, USA) and Tsubokawa et al., 2000 (Copyright (2000) Society for Neuroscience). Figure from 

Yousuf et al., 2020a. 

As stated earlier, the RSC has two distinct subregions, gRSC and dysgranular that are 

morphologically and functionally distinct (Van Groen and Wyss, 1990, 1992; Van Groen et al., 

2004; Figure 1). Because of its extensive connections with the thalamus and hippocampus, the 

majority of behavioral and electrophysiological studies have targeted the gRSC (Chen et al., 1994; 

Cho and Sharp, 2001; Van Groen et al., 2004; Garden et al., 2009; Pothuizen et al., 2009; Corcoran 

et al., 2011; Kwapis et al., 2015). We elucidated the existence of five distinct firing patterns in the 

adult gRSC, which include regular spiking (RS), regular spiking afterdepolarization (RSADP), late 

spiking (LS), burst spiking (BS), and fast spiking (FS) neurons (Yousuf et al., 2020b).  

The most abundant firing type in the adult rat gRSC are RSADP neurons (63%, 71 of 113), 

which are identified as pyramidal (Yousuf et al., 2020b). RSADP neurons reside both in layers 2/3 

(17%, 19 of 113) and layer 5 (46%, 52 of 113) of the adult gRSC. RSADP neurons in layer 2/3 and 

layer 5 are morphologically similar but differ in certain intrinsic membrane properties (Yousuf et 

al., 2020b). RSADP neurons in layer 2/3 have a significantly higher initial firing frequency 

compared to those in layer 5. In response to increasing current injections, RSADP neurons in layers 

2/3 and 5 demonstrate robust spike frequency adaptation (Yousuf et al., 2020b). In addition to the 

gRSC, RSADP neurons are observed in other regions of the fear circuit including CA1 

(Schwartzkroin, 1975; Storm, 1987; Azouz et al., 1996; Magee and Carruth, 1999; Yue and Yaari, 

2004; Yue et al. 2005; Metz et al., 2005, 2007; Kaczorowski et al., 2007; Chen and Yaari, 2008) 

and CA3 (Brown and Randall, 2009) region of the hippocampus, mPFC (Haj-Dahmane and 

Andrade, 1997; Kalmbach et al., 2013), and lateral amygdala (Sugita et al., 1993). The ADP 

property can trigger burst firing in hippocampal neurons (Schwartzkroin, 1975; Azouz et al., 1996; 
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Jensen et al. 1996; Sanabria et al., 2001; Su et al., 2001), and bursting is a requirement for synaptic 

plasticity at the Schaffer collateral to CA1 synapse (Thomas et al., 1998; Pike et al., 1999). Thus, 

the ADP enhances excitability, which may play an important role in learning-related plasticity in 

the fear circuit (Disterhoft et al., 1986; Jensen et al., 1996; Moyer et al., 1996; Zhang and Linden, 

2003; Santini et al., 2008).  

Pharmacological manipulations or electrical stimulation can induce an ADP in CA1 

(Azouz et al., 1996; Wu et al., 2004; Park et al., 2010) and CA3 (Young et al., 2004) regions of 

the rodent hippocampus. Ion channels and receptors that mediate the ADP are NMDA receptors 

(Wu et al., 2004; Grienberger et al., 2014), metabotropic glutamate receptors (mGluRs; Greene et 

al., 1994; Young et al., 2004; Park et al., 2010), and muscarinic receptors (Haj-Dahmane and 

Andrade, 1998; Yan et al., 2009; Lei et al., 2014). Activation of mGluRs and muscarinic receptors 

enhances activity of Cav2.3 R-type calcium channels in CA1 (Park et al. 2010), Ca2+-activated 

nonselective cation (CAN) current in the neocortex (Greene et al. 1994), Na+ currents in the 

substantia nigra (Guatteo et al., 1999), and voltage-sensitive CAN current in mPFC and CA3 of 

the hippocampus (Caeser et al., 1993; Haj-Dahmane and Andrade, 1998) in rats. In the adult rat 

gRSC, we have shown that mGluRs partially mediate the ADP property as mGluR inhibitors 

(LY367385 – mGluR1 and MPEP – mGluR5) significantly reduce the ADP but do not completely 

abolish it (Yousuf et al., 2020b). This suggests that diverse receptors and channels contribute to 

the ADP, and their roles may differ across brain regions (Azouz et al., 1996; Haj-Dahmane and 

Andrade, 1997, 1998; Metz et al., 2005; Fowler et al., 2007; Chen and Yaari, 2008; Park et al. 

2010; Yan et al., 2009).  

RSADP neurons in the gRSC are the most prominent type of pyramidal neurons in the gRSC, 

however, we also observe BS pyramidal neurons, which generate a burst of 2 or more APs in 
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response to a suprathreshold depolarizing current injection. We only observe BS neurons in layer 

5 (5%, 3 of 65) of the gRSC (Yousuf et al., 2020b), and identified a subset of neurons that oscillate 

between single RSADP to BS neurons. This oscillating pattern has previously been reported in 

neurons of the rat subthalamic nucleus, which is facilitated by the activation of L-type Ca2+ 

currents, Ca2+-activated inward current, and Ca2+-activated K+ currents (Beurrier et al., 1999; Su 

et al. 2001). Previous evidence suggests summation of ADPs can lead to burst or repetitive 

neuronal firing (Legendre and Poulain, 1992; Su et al. 2001; Kuehl-Kovarik et al., 2005). BS 

neurons exhibit similar physiological and morphological (Yousuf et al., 2020b) characteristics to 

RSADP neurons, and due to the large prevalence of ADPs in layer 5 of the gRSC, we speculate that 

BS neurons may be an extension of RSADP neurons.  

It is important to understand the properties of different cell types as unique firing patterns 

may convey distinct types of information to promote flexible processes necessary for learning-

related synaptic and/or intrinsic plasticity. Previous work has shown that trace fear learning 

reduces excitability in RS neurons of the rat mPFC, and increases excitability in BS neurons of the 

mPFC (Song et al., 2015). In contrast, contextual fear learning differentially enhances intrinsic 

excitability of RS neurons but not BS cells of the mouse hippocampus (Dunn et al., 2018). Further, 

learning results in a reduction in the proportion of BS cells, and overrepresentation of RS neurons 

in the hippocampus (Dunn et al., 2018). These findings indicate that RS and BS neurons convey 

specialized information, and may project to different brain regions. BS neurons that have distinct 

morphologies often project to thalamus, pons, and colliculus, whereas RS neurons are more likely 

to project to cortex or to the striatum (Gao and Zheng, 2004; Le Be et al., 2007). Overall, 

understanding cell type-specificity may provide critical insight into developing circuits, and 

precise mechanisms that mediate fear learning.  
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Development of electrophysiological properties within the fear circuit 

The previous section discussed that the RSC of adult rats has a heterogeneous population 

of cell types, and each have a unique profile based on intrinsic and morphological properties. 

Observations in the mPFC (Song et al., 2015) and hippocampus (Dunn et al., 2018) indicate that 

specific cell types are differentially recruited during fear learning. However, we have also shown 

the firing types are altered as a consequence of age (adolescence to adulthood), and these changes 

may have implications regarding circuit- and learning-specific changes across development. 

We have reported that RS neurons (without an ADP) are the most common firing type 

(~80%) in layer 5 gRSC of the juvenile rat between postnatal days (PND) 14-30, and are much 

less common in layer 5 of the adult (PND > 60) gRSC (~10%; Figure 3; Table 1). In contrast, 

RSADP neurons are rare (12%) in layer 5 of the juvenile gRSC but are frequently observed in layer 

5 of the adult (~80%) gRSC (Figure 3; Table 1). During the lifespan, RSADP neurons in the gRSC 

begin to increase in number at approximately PND 35 (41%), whereas RS neurons decline (59%), 

and this pattern steadily continues into adulthood (PND > 60; Figure 3; Table 1). Adult RSADP 

neurons in layer 5 exhibit enhanced excitability compared to RS neurons of juvenile neurons (PND 

14-30) in layer 5 of the gRSC (Yousuf et al., 2020b; Figure 4), suggesting that the ADP component 

in neurons may play a role in promoting excitability of gRSC neurons. 

Similar to the gRSC, intrinsic properties of neurons in other fear-related brain regions such 

as the BLA undergo significant changes until PND 28 (Ehrlich et al., 2012). Specifically, between 

PND 7-28, drastic changes in intrinsic properties occur, such that the input resistance is reduced 

nearly 10-fold, and membrane time constant is reduced 4-fold in BLA neurons (Ehrlich et al., 

2012). Likewise, during the first postnatal month, mPFC neurons of mice also have significantly 

decreased input resistance, resting membrane potential, AP half-width, and AP threshold in both 
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layers 3 and 5 (Kroon et al., 2019). In addition to alterations in intrinsic properties, morphological 

changes occur during development in the BLA and mPFC (Ryan et al., 2016; Kroon et al., 2019). 

Specifically, during adolescence, dendritic pruning occurs, in which synapses are eliminated and 

refined until they stabilize through adulthood (Huttenlocher, 1979; Petanjek et al., 2011). In 

neurons of the mouse mPFC, number of apical dendritic branches begin to decrease at PND 16 

(Kroon et al., 2019), whereas dendritic length decreases in rat BLA neurons at PND 28 (Ryan et 

al., 2016). Dendritic structure of neurons can influence neuronal function, as dendritic surface area 

and conductances directly affect firing patterns (Mainen and Sejnowski, 1996). For example, 

reduced dendritic length is associated with increased ADP amplitude and burst firing (Bekkers and 

Häusser, 2007; Roberts et al., 2009; Šišková et al., 2014). Together, electrophysiological and 

morphological characteristics of the gRSC, mPFC, and BLA go through drastic changes from 

youth to adulthood. Understanding changes in intrinsic and morphological properties across the 

lifespan may give insight into development of circuits, and how external factors such as anxiety 

or stress could perturb developing fear networks. Additionally, electrophysiological recordings 

from juvenile rats and mice have highlighted the necessity to consider age as a variable especially 

in in vitro electrophysiological studies. It is important to note that many studies using in vitro 

recordings use younger rodents as historically, experiments are more difficult to conduct in older 

rodents (McCutcheon and Marinelli, 2009). Thus, it is critical to consider age as an important 

experimental variable as developmental changes in behavior and physiology have nonlinear 

trajectories as discussed in the section below (McCutcheon and Marinelli, 2009). 
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Figure 3. Developmental trajectories of RS and RSADP neurons in the male and female gRSC. The open pink 

(female) and blue (male) circles represent RS neurons and the closed red (female), and blue (male) circles represent 

RSADP neurons. During PND 10-15, RS neurons constitute 100% of layer 5 of the male and female gRSC and no 

RSADP neurons are observed during this period. RS neurons decline at postnatal days 35-40 (~50%) and RSADP neurons 

increase (45%). During adulthood (PND > 60), RS neurons are present in smaller percentages (20%) and RSADP 

neurons are the common (80%) firing type of this region. Abbreviations: granular retrosplenial cortex (gRSC); regular 

spiking (RS); regular spiking afterdepolarization (RSADP); postnatal days (PND). 

0

20

40

60

80

100
P

er
ce

n
ta

g
e 

o
f 

ce
ll

s 
(%

)
RS Female

RSADP Female

10-15 16-20 21-25 26-30 35-40 41-45 46-50 > 60

RS Male

RSADP Male

Postnatal days



15 

 

 

Figure 4. Intrinsic plasticity within granular retrosplenial cortex (gRSC) during development. The middle inset 

shows an overlay of voltage responses illustrating that layer 5 neurons from juvenile rats (PND 14-30) lack an ADP, 

whereas layer 5 neurons from adult rats have a prominent ADP. Left and right columns show a series of membrane 

voltage responses in response to a series of 5 s current injections. RS neurons from juvenile rats (left column) have 

reduced firing rats and a significantly larger slow afterhyperpolarization (sAHP; -2.03 + 0.24 mV) compared to that 

of adult RSADP neurons (right column; sAHP -1.33 + 0.18 mV; t26 = 2.195, p < 0.05, independent t-test). Figure from 

Yousuf et al., 2020b. 
 

Development of fear behavior 

Many drastic changes that occur in development such as emergence of ADP, suppressed 

AHP (Ehrlich et al., 2012; Yousuf et al., 2020b), and dendritic pruning (Ryan et al., 2016; Arruda-

Carvalho et al., 2017; Zimmermann et al., 2019) occur around PND 30. This time window 

coincides with when rats and mice specifically learn trace fear memories (PND 28; Moye and 

Rudy, 1987; Barnet and Hunt, 2005) compared to context fear (PND 23; Rudy, 1993; Rudy and 

Morledge, 1994; Akers et al., 2012; Hunt and Barnet, 2016) or delay fear learning (PND 23; Rudy 
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and Morledge, 1994; Barnet and Hunt, 2005; Richardson and Hunt, 2010; Pattwell et al., 2011). 

In this section, we will review the ontogeny of fear behaviors in different fear paradigms. 

Following standard or foreground context fear conditioning (no auditory stimulus is 

present), rats can express freezing behavior at PND 23 (Rudy, 1993; Rudy and Morledge, 1994) 

and mice freeze by PND 14 (Akers et al., 2012). Context freezing is at equivalent levels in 23, 27, 

30, 35, 75, and 90 old day rats (Rudy, 1993; Hunt and Barnet, 2016; Santarelli et al., 2018). This 

linear developmental pattern in rodents is not observed in background context conditioning. It is 

important to note that when auditory cues (CS) are present, presentations of the aversive stimuli 

(US) can result in acquisition of fear to both the CS tone and the background context (Phillips and 

LeDoux, 1994; Fanselow, 2000). Background context fear emerges by PND 23 (Rudy, 1993; 

Raineki et al., 2010) and follows a nonlinear developmental trajectory (Pattwell et al., 2011).  Mice 

between PND 23-27 exhibit substantial freezing to the background context and this freezing 

behavior is reduced between PND 29-39 (Pattwell et al., 2011). Freezing behaviors return 

following PND 39 and remain elevated until adulthood (PND 70; Pattwell et al., 2011). One 

possible reason for the suppressed freezing during adolescence (PND 29-39) may be that 

developmental processes such as synaptic pruning and reorganization of the fear-related circuitry 

may interfere with the mouse’s ability to successfully retrieve context fear memories. 

Several studies demonstrate that trace fear learning occurs in rats at PND 28 (Moye and 

Rudy, 1987; Barnet and Hunt, 2005). The delayed emergence of trace fear learning in rats 

compared to delay or context fear conditioning may be attributed to immaturity of the 

hippocampus (Moye and Rudy, 1987; Dumas and Rudy, 2010) and possibly the RSC. In contrast 

to the diminished contextual fear retrieval during adolescence (PND 29-39), multiple studies have 

shown that adolescent rats (PND 30-35) exhibit an enhanced propensity for trace fear conditioning 
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(Barnet and Hunt, 2005; Hunt et al., 2006; Schreiber and Hunt, 2013; Hunt and Barnet, 2016). One 

study directly compared delay and trace fear conditioning in three different ages of male rats: early 

adolescence (PND 23), mid-adolescence (PND 35), and adults (PND 90; Den and Richardson, 

2013). Delay conditioned rats have similar freezing levels across all three ages, however, mid-

adolescent rats (PND 35) exhibit the strongest trace fear conditioning compared to early adolescent 

and adult rats (Den and Richardson, 2013). Together, these findings suggest that compared to other 

age groups, mid-adolescent rats may be more predisposed to acquiring trace but not delay fear 

memories. 

In summary, we have reviewed the nonlinear transitions in fear learning, neural plasticity, 

and connectivity that are uniquely associated with adolescence. These findings provide insight that 

the adolescent brain is distinctly different than that of an adult and dynamic changes in neural 

circuits during development may render the brain more sensitive to traumatic experiences (Pattwell 

et al., 2013; Hunt et al., 2016; Zimmermann et al., 2019). Although the above mentioned studies 

provide critical insight regarding the developmental patterns during adolescence, these studies 

have exclusively focused on male subjects, which leaves a substantial gap in the literature as 

anxiety disorders are highly prevalent in women and adolescent girls compared to men and 

adolescent boys (McLean et al., 2011; Kessler et al., 2012; Li and Graham, 2017).  

Sex differences in learning and memory 

Epidemiological studies have consistently shown that women are three times more likely 

to develop posttraumatic stress disorder compared to their male counterparts (Kessler et al., 1995; 

Kessler et al., 2012). Despite growing evidence in sex differences in fear memories in women and 

female rodents, approximately 32% of neuroscience-related research have exclusively used male 

subjects (Shansky and Woolley, 2016), and 2% of fear-related research have included female 
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subjects (Lebron-Milad and Milad, 2012). So far, there are inconsistencies related to sex 

differences in contextual fear learning in rodents. While some studies report higher context fear 

conditioning in male rodents compared to females (Maren et al., 1994; Kosten et al., 2006; Gresack 

et al., 2009; Mizuno et al., 2012; Sase et al., 2019), other studies show a reversed pattern where 

females have higher contextual freezing than males (Ris et al., 2005; Moore et al., 2010), and some 

studies demonstrate no sex differences (Wiltgen et al., 2001; Kosten et al., 2006; Dachtler et al., 

2011). These contradictory findings may be due to several reasons such as differences in strain 

(Pryce et al., 1999), training protocols (Wiltgen et al., 2001), and shock intensities (Keiser et al., 

2017; Sase et al., 2019). In one study, male mice have high freezing responses during a context 

text compared to females, however, this sex difference is alleviated when mice receive precontext 

exposure prior to contextual fear conditioning (Wiltgen et al., 2001). Further, more recent evidence 

indicates that female rats exhibit freezing behaviors differently than males (Gruene et al., 2015). 

In response to a CS, female rats exhibit fear behaviors in the form of short, rapid movements that 

are called ‘darting’ (Gruene et al., 2015). This active defensive response is seen only in 10% of 

male rats (Gruene et al., 2015). Taken together, females may use distinct behavioral strategies to 

acquire context associations as well as express fear responses differently than males. 

In addition to context fear learning, sex differences are evident in rodent models of fear 

generalization. In this behavioral model, freezing or darting behaviors are measured in a context 

slightly different from the one in which rodents are originally fear-conditioned. Typically, more 

generalization of fear is observed if the contexts are most similar to the training contexts (Asok et 

al., 2018; Tronson and Keiser, 2019). Several studies have shown that female mice and rats show 

stronger context fear generalization compared to males (Lynch et al., 2013; Keiser et al., 2017; 

Asok et al., 2018). However, these sex differences are dependent on context preexposure (Keiser 
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et al., 2017; Asok et al., 2018), testing orders (Asok et al., 2018), and length of time since training 

(Lynch et al., 2013). Thus, these studies raise multiple questions about the specific strategies 

female rodents use to retrieve context-shock associations as well as sex differences in mechanisms 

of memory retrieval. 

Sex differences in synaptic and intrinsic plasticity 

A common assumption is that different neural mechanisms may necessarily result in 

different behavioral outcomes. However, distinct brain structures, molecular mechanisms, circuits, 

and neuronal cell types may be recruited to obtain the same performance in males and females. 

Here, we review sex differences in basal neuronal activity, synaptic and intrinsic plasticity in the 

fear conditioning circuit.  

Sex differences in synaptic plasticity have been widely studied in the rodent hippocampus. 

The most prominent form of synaptic plasticity is NMDA receptor dependent and involves 

stimulation of glutamate release from the presynaptic terminals. Glutamate activates α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and depolarizes the postsynaptic 

neuron to relieve the Mg2+ block in NMDA receptors (Luscher et al., 2000; Liu and Cull-Candy, 

2000). A high frequency presynaptic stimulation can open NMDA channels and allow entry of 

Ca2+ into the cell, which leads to LTP induction. Elevation of intracellular Ca2+ concentration 

triggers activation of multiple signaling cascades, which ultimately promote gene transcription and 

protein synthesis that are underlying machineries for memory (Hayashi et al., 2000; Lisman et al., 

2012). Several studies report sex differences in glutamate signaling. For example, under basal 

conditions, hippocampal AMPA receptor synaptic responses are larger in female rats compared to 

males, and this may be due to increased phosphorylation of the GluR2 subunit of AMPA receptors 

(Monfort et al., 2015). The GluR2 subunit is involved in Ca2+ permeability and controlling the 
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assembly of AMPA receptors (Tanaka et al., 2000; Sans et al., 2003). In contrast, the magnitude 

of LTP is larger in male rats than in females in preforant (Maren et al., 1994; Maren, 1995), 

Schaffer collateral-CA1 (Yang et al., 2004; Monfort et al., 2015; Wang et al., 2018), and 

temporoammonic-CA1 (Qi et al., 2016) pathways. Compared to male rats, the reduced magnitude 

of LTP in the female rat hippocampus may be due to a decrease in tetanus-induced phosphorylation 

of GluR1 (subunit of AMPA receptors; Monfort et al., 2015; Qi et al., 2016). Since the magnitude 

of LTP depends on GluR1 insertion in the synaptic membrane, which is modulated by GluR1 

phosphorylation (Shi et al., 1999; Hayashi et al., 2000; Esteban et al., 2003; Oh et al., 2006; Man 

et al., 2007), this could explain one potential mechanism for the diminished synaptic plasticity in 

the rat female hippocampus. A few studies have shown a lack of sex differences in the magnitude 

of hippocampal LTP in rats (Dursun et al., 2018; Jain et al., 2019). One reason for the 

inconsistencies in findings may be due to variability in stimulus protocols as theta-burst 

stimulations are more likely to elucidate a sex difference in the magnitude of LTP compared to 

high-frequency stimulations (Yang et al., 2004). Further, a low-frequency stimulation induces 

LTD in the female but not male hippocampus (Dursun et al., 2018). Thus, differences in the 

threshold for LTP may contribute to differences in encoding memories in males and females. 

As stated above, some studies report a lack of sex differences in LTP (Dursun et al., 2018; 

Jain et al., 2019); however, they show that LTP induced distinct underlying mechanisms in male 

and female rats. For example, one study demonstrated that 60 min following LTP induction, the 

magnitude did not differ between the sexes but GluN1 (subunit of NMDA receptors) mRNA 

expression increases significantly in the male versus female hippocampus of rats (Dursun et al., 

2018). Similarly, cAMP-activated protein kinase (PKA) inhibitor blocks LTP in the female 

hippocampus but had no effect on the male hippocampus of rats, suggesting that PKA activity is 
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necessary to promote synaptic strength in females (Jain et al., 2019). These studies support the 

argument that a similar outcome in each sex may still require different underlying neural 

mechanisms. 

Although majority of studies focus on sex differences in synaptic plasticity of the 

hippocampus, one recent study demonstrated sex differences favoring females in other fear-related 

brain structures such as the rat BLA (Blume et al., 2017). In vivo and in vitro recordings show that 

in response to excitatory synaptic stimulation, BLA neurons from female rats have higher 

frequency and amplitude of excitatory postsynaptic currents (EPSCs) than males (Blume et al., 

2017). These reports indicate that sex differences in synaptic plasticity may differ between brain 

regions within the fear circuit (Maren et al., 1994; Blume et al., 2017; Wang et al., 2018).  

To date, very few studies have investigated sex differences in intrinsic excitability as a 

common misconception is that experience-dependent plasticity (such as associative learning) is 

synonymous with synaptic plasticity. However, synaptic plasticity is not an exclusive form of 

experience-dependent plasticity, but is tightly couple with other forms of plasticity such as intrinsic 

plasticity (Daoudal and Debanne, 2003; Mozzachiodi and Byrne, 2010; Sehgal et al., 2013; Dunn 

and Kaczorowski, 2019; Yousuf et al., 2020a). So far, one study demonstrates sex-specific 

differences in the intrinsic properties of the bed nucleus of the stria terminalis (BSNT), a key brain 

region in the fear circuitry (Goode and Maren, 2017; Miles and Maren, 2019). In response to 

increasing current injections, intrinsic excitability of mouse female BNST neurons is lower than 

males (Smithers et al., 2019). Further, based on intrinsic properties, cell types are classified as 

Type I and Type II neurons in the mouse BNST (Smithers et al., 2019). Sex differences are 

observed in intrinsic properties such as capacitance (Smithers et al., 2019), which influences 

synaptic efficacy and determines the speed of electrical signals that travel along the dendrites and 
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axons (Gentet et al., 2000). In the male BNST, capacitance is higher compared to females in Type 

I neurons, however, this sex difference is reversed in Type II neurons, in which females had a 

higher capacitance than males (Smithers et al., 2019). Together, a large amount of evidence 

suggests that sex differences are observed in rodent studies of LTP and intrinsic plasticity within 

the fear circuitry (Teyler et al., 1980; Maren et al., 1994; Oberlander and Woolley, 2016; Blume 

et al., 2017; Jain et al., 2019; Smithers et al., 2019).  

Summary and significance 

The RSC plays a substantial role in processing complex forms of associative memories 

such as trace fear memories. Although the RSC has recently been gaining more attention, the 

physiology of this region and how it undergoes learning-related plasticity remains to be elucidated. 

So far, we have reported that the gRSC has a heterogeneous population of neuronal firing types 

that changes dramatically over development (Yousuf et al., 2020b). RSADP neurons that are rarely 

found in the juvenile gRSC become the dominant firing type in adults (Yousuf et al., 2020b). 

The ADP component is key to gRSC development, but may also be responsible for enhancing 

intrinsic excitability (Yousuf et al., 2020b), thereby inducing learning-related plastic changes in 

the gRSC. The ADP property in fear-related brain structures is composed of various ion channels 

and receptors including NMDA receptors (Wu et al., 2004; Grienberger et al., 2014). Additionally, 

the complex dendritic morphology plays a role in regulating and shaping the ADP component 

(Bekkers and Häusser, 2007; Roberts et al., 2009; Šišková et al., 2014). These reports raise 

important questions about the function and mechanisms underlying the ADP component in 

neurons of the gRSC. Further, the current body of literature related to the RSC has exclusively 

been focused on male subjects. As discussed in detail in chapter 1, sex differences are observed in 

cellular mechanisms underlying fear memories (Maren et al., 1994; Kosten et al., 2006; Gresack 
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et al., 2009; Dalla et al., 2009; Mizuno et al., 2012; Keiser et al., 2017; Sase et al., 2019), and in 

NMDA receptor activity in the gRSC (de Olmos et al., 2008). These data lead us to question if 

there are sex differences in the mechanisms mediating the ADP component in RSADP neurons of 

the gRSC. Thus, chapter 2 of this dissertation will investigate how learning, NMDA receptor 

activity, and dendritic morhpology regulate the prominent ADP in a sex-specific way. After 

establishing the mechanisms that drive the ADP property during development in chapter 2, our 

next question is to tackle exactly when during development (early adolescence, mid-adolescence 

or adulthood) do sex differences emerge in trace fear memory retrieval and intrinsic properties of 

gRSC neurons. Further, in chapter 3, we will also focus on how trace fear memory formation alters 

RS, RSADP, and BS neurons in layer 5 of the gRSC in a sex- and age-dependent way. The overall 

goal of these experiments is, 1) to elucidate sex differences in mechanisms underlying 

development of gRSC neurons, 2) to investigate when sex differences emerge in fear behavior as 

well as intrinsic plasticity of the gRSC, and 3) to understand age- and sex-dependent learning-

related plasticity in the gRSC across the lifespan. 
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CHAPTER TWO: Sex-specific mechanisms regulating the afterdepolarization component in 

granular retrosplenial cortical neurons 

Introduction 

 

The RSC is a key node in the neural circuits that process context and trace fear memories 

(Corcoran et al., 2011; Tayler et al., 2013; Kwapis et al., 2015; Todd et al., 2016). The RSC is one 

of the largest cortical structures in the brain and is divided into the gRSC and dysgranular regions. 

Due to its dense reciprocal connections with the thalamus and hippocampus, the gRSC is often 

targeted as a critical structure in the fear circuit (Van Groen et al., 2004; Pothuizen et al., 2009; 

Corcoran et al., 2011; Kwapis et al., 2015). The RSC has a diverse population of neuronal firing 

types (Yousuf et al., 2020b), a likely requirement for encoding complex associative memories. In 

layer 5 of the juvenile (PND 14-30) rat gRSC, the neuronal distribution includes a large percentage 

of RS (81%) and a small percentage of RSADP (12%) neurons (Yousuf et al., 2020b). This 

distribution reverses over development as the adult gRSC constitutes a higher percentage of RSADP 

(72%) neurons and a lower percentage of RS (12%) neurons (Yousuf et al., 2020b), indicating that 

the appearance of the ADP is essential for gRSC development. Further, RS neurons in the juvenile 

gRSC have reduced intrinsic excitability compared to RSADP neurons in adults (Yousuf et al., 

2020), which suggests that the prominent ADP property may drive excitability and learning-related 

plasticity in the gRSC. Studies in the rodent hippocampus show that the ADP promotes burst firing, 

and reduces AHP to facilitate intrinsic and synaptic plasticity (Schwartzkroin, 1975; Disterhoft et 

al., 1986; Azouz et al., 1996; Moyer et al., 1996; Thomas et al., 1998; Jensen et al. 1996; Pike et 

al., 1999; Sanabria et al., 2001; Su et al., 2001; Wu et al., 2004), necessary for the formation of 

associative fear memories. However, whether fear memory formation can induce an ADP in 

neurons of the gRSC has not yet been elucidated. 
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The ADP component is not unique to the gRSC but seen in other memory-related brain 

structures including the lateral amygdala (Sugita et al., 1993), hippocampus (Schwartzkroin, 1975; 

Storm 1987; Azouz et al., 1996; Magee and Carruth, 1999; Yue and Yaari, 2004; Yue et al., 2005; 

Metz et., al 2005, 2007; Kaczorowski et al., 2007; Chen and Yaari, 2008), and prefrontal cortex 

(Haj-Dahmane and Andrade, 1997, 1998; Kalmbach et al., 2013). Several factors are known to 

regulate the ADP including dendritic morphology and basic dendritic cable properties. For 

example,  removal of dendrites from rat cortical neurons results in reduced ADP amplitude and 

burst firing (Bekkers and Häusser, 2007). However, this effect was region-specific as a reversed 

pattern was observed in rodent cerebellar Purkinje, hippocampal, and gonadotropin releasing-

hormone neurons, where shorter dendritic length is associated with increased ADP amplitude and 

repetitive firing (Bekkers and Häusser, 2007; Roberts et al., 2009; Šišková et al., 2014). Whether 

dendritic morphology contributes to the ADP in gRSC neurons is unknown.  

In addition to synaptic inputs and dendritic morphology, NMDA receptors mediate the 

ADP in fear-related brain regions (Wu et al., 2004). Bath-application of NMDA receptor 

antagonists reduces the ADP amplitude in rat hippocampal neurons (Wu et al., 2004). Although 

the mechanisms by which the RSC processes fear memories have been well-established (Corcoran 

et al., 2011; Cowansage et al., 2014; Kwapis et al., 2015; Jovasevic et al., 2015; Leaderbrand et 

al., 2016; Todd et al., 2016; Corcoran et al., 2018; de sousa et al., 2019; Opalka and Wang, 2020), 

these studies have exclusively focused on male subjects. So far, one study demonstrates sex 

differences in the rat gRSC where intraperitoneal injections of NMDA receptor blockers result in 

higher neurotoxicity in the female gRSC compared to males (de Olmos et al., 2008), which 

suggests that NMDA receptor activity is different in the male and female gRSC. These data raise 
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important questions  regarding sex-dependent mechanisms underlying the ADP in neurons of the 

gRSC.  

Here, we examined whether learning, NMDA receptor activity, and dendritic morphology 

regulate the ADP in a sex-specific manner in  layer 5 of gRSC neurons. We first investigated if 

trace fear learning, an RSC-dependent task induces a greater proportion of RSADP neurons in the 

gRSC during three developmental periods. We found that learning does not change the proportion 

of RS or RSADP neurons in the gRSC at any age. Next, we examined if bath-application of NMDA 

receptor antagonist (D-AP5) abolishes the ADP in RSADP neurons and found that pharmacological 

blockade of NMDA receptors significantly reduces the ADP in female RSADP neurons but not in 

males. Finally, we investigated the role of ADP in dendritic branching and observed that male 

RSADP neurons have reduced dendritic complexity and branching compared to male RS neurons. 

However, in the female gRSC, both RS and RSADP neurons exhibit similar dendritic complexity, 

suggesting sex differences in dendritic regulation of the ADP. Understanding sex-dependent 

mechanisms underlying intrinsic properties in the gRSC will give us insight on the precise 

mechanisms through which males and females process fear-related memories.  

Materials and methods  

Subjects 

Subjects were male and female early adolescent (PND 25-29), mid-adolescent (PND 42-

49) and adult (PND > 60) F344 rats. For mid-adolescent rats, we examined preputial separation in 

males and vaginal opening in females to ensure that they had reached puberty. All rats were 

maintained in an AAALAC (Association for Assessment and Accreditation of Laboratory Animal 

Care) accredited facility on a 14-hour light/10-hour dark cycle and housed individually with ad 
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libitum access to food and water. Procedures were conducted in accordance with the University of 

Wisconsin – Milwaukee Animal Care and Use Committee and NIH guidelines. 

RSC slice preparation 

Rats were deeply anaesthetized with isoflurane and brains were rapidly removed in ice-

cold oxygenated sucrose-aCSF (composition in mM: 206 Sucrose, 26 NaHCO3, 10 D-glucose, 

2.80 KCl, 2 MgSO4•7H2O, 1.25 NaH2PO4•H2O, 1 CaCl2, 1 MgCl2, 0.40 Na-ascorbate). Brains 

were placed in ice-cold oxygenated sucrose-aCSF and blocked with two dissections, (anterior and 

posterior sections). Coronal brain slices (400 µm) containing the RSC (anteroposterior from, -1.80 

to -3.80 mm) were cut in oxygenated sucrose-aCSF at ~ 0 ̊ C using a vibrating tissue slicer 

(VT1200, Leica). Slices were then transferred to a holding chamber (Moyer and Brown, 1998) 

containing oxygenated aCSF (composition in mM: 124 NaCl, 26 NaHCO3, 20 D-glucose, 2.80 

KCl, 2 MgSO4•7H2O, 1.25 NaH2PO4•H2O, 2 CaCl2) at 32-36 ̊C and allowed to recover for about 

30 minutes. Brain slices were left in room temperature aCSF and allowed to recover for another 

30 minutes before recordings. 

Electrophysiological recordings 

 

An Olympus BX51WI upright microscope outfitted with a submerged recording chamber 

and equipped with infrared DIC optics was used for visualizing the neuron and patch electrode. 

Slices were transferred to the chamber where they were perfused at a rate of 2.1 ml/min 

(maintained at 32-36 ̊C using an inline temperature controller). Whole-cell recordings were made 

from layer 5 of the anterior gRSC (AP ~ -1.80 to -3.80). For whole-cell recordings, electrodes (~ 

4-5 MΩ) were prepared from thin-walled capillary glass and filled with the following solution (in 

mM): 110 K-gluconate, 20 KCL, 10 Di-Tris-P-Creatine, 10 HEPES, 2 MgCl2, 2 Na2ATP, 0.3 

Na2GTP, 0.2% Biocytin, pH to 7.3. All recordings were obtained in current clamp mode (holding 
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potential -65.0 ± 3 mV). Series resistance was fully compensated and consistently monitored to 

ensure the stability of recording conditions. Experiments were controlled by Multiclamp 700B 

software (Molecular Devices) and data were analyzed using clampfit (Molecular Devices).  

Intrinsic properties of gRSC neurons were studied in current-clamp conditions using the 

following protocols (Song et al., 2015). (1) V-I relationships were obtained from a series of 0.5 s 

current injections (ranging from -300 to +50 pA) and the plateau voltage deflection was plotted 

against the current amplitude. Neuronal input resistance (RN) was determined from the slope of 

the linear fit of the portion of the V-I plot where the voltage sweeps are symmetrical. AP properties 

were studied with an ascending series of 0.5 s or 1 s depolarizing pulses (5 pA increments). At 

rheobase, neurons were classified as RSADP, BS or RS (Yousuf et al., 2020b). Cells were classified 

by firing type based on how the cell responds to suprathreshold current injections. RSADP neurons 

were defined as neurons that fired a single AP at rheobase within ~ 350 ms of a 500 ms current 

injection. The ADP was identified as the depolarizing crest between the fAHP and the point at 

which membrane voltage returned to resting potential (Storm 1987; Yue and Yaari, 2004; Metz et 

al. 2005). This depolarization crest following a fAHP is completely absent in RS neurons of the 

gRSC. BS neurons were defined as neurons that fire two or more APs in short succession (~8 ms) 

at the beginning of the current injection either at rheobase or within 20 pA of rheobase. For all 

neurons, AP properties were studied from the first AP. Current threshold (Ithreshold) was defined as 

the minimum amount of depolarizing current required to evoke an AP from a recorded neuron. 

APthreshold was defined as the membrane voltage at which dV/dt first exceeds 28 mV/ms 

(Kaczorowski et al., 2012). APamplitude was measured relative to the APthreshold, and fAHP was also 

measured relative to APthreshold. ADPamplitude was measured relative to fAHP. For drug experiments, 

an average ADPamplitude was calculated pre- and post-drug application by measuring ADPamplitude at 
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rheobase. Lastly, APhalf-width was measured as the width at half of the APamplitude. (3) Post-burst 

AHP was studied after a 50 Hz burst of 10 spikes, each of which was evoked by a 2 ms 

suprathreshold current injection (three times, at 20 s intervals). After the last AP, the post-burst 

AHP was measured at the peak amplitude. mAHP was measured at 150 ms and sAHP at 1 s 

following the offset of current injection. (4) Neuronal excitability was assessed by counting the 

number of spikes evoked in response to a series of 5 s depolarizing steps (range is from 0 to 450 

pA in 25 pA increments). Only neurons with a resting membrane potential more negative than -50 

mV and RN > 50 MΩ were included. 

Pharmacological agents 

NMDA receptor antagonist (D-AP5, 100 µM; Wu et al., 2004) was purchased from Tocris 

(Ellisville, MO). Once a neuron was identified as RSADP in the layer 5 of the male or female gRSC, 

D-AP5 was bath-applied for 20 min.  

Biocytin staining 

All neurons were filled with biocytin to confirm the location and perform morphological 

analyses of cells in the gRSC. After completion of whole-cell recordings, slices were fixed in 

formalin and kept at 4 ̊C for at least 1 day and no longer than 10 days before further processing. 

To visualize neurons labeled by biocytin, the slices were washed with 0.1 M PBS for 5 min (three 

times). Slices were incubated in H2O2/methanol for 45 min, then another wash with 0.1 M PBS for 

5 min (three times), followed by Triton X-100/BSA for 45 min. Slices were incubated with 1:500 

Streptavidin-Alexa Fluor-488 (Invitrogen) for 120 min in the dark or overnight at 4 ̊C in the dark. 

Slices were washed with 0.1 M PBS for 5 min (three times), and subsequently mounted on slides, 

coverslipped with DAPI containing Ultra Cruz Mounting Medium (Santa Cruz Biotechonology, 

Houston TX), and sealed with nail polish.  

Neuron imaging, reconstruction, and analysis 
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The neurons previously processed with Streptavidin-Alexa Fluor-488 were viewed under 

a fluorescence microscope at 2X and 100X and photographed using an Olympus BX51 upright 

microscope with attached CCD camera (Olympus microscopy). At 2X, an image of the 

hippocampus was captured to determine approximate anterior/posterior location of slice. The 

stained neurons were viewed under a confocal microscope (Olympus FV1000) using a 10X 

objective to capture a dual channel image (DAPI and Alexa Fluor-488) to determine laminar 

location of neurons. Confocal images were obtained using 20X and 100X objectives to capture 

additional Z-stacks and create three dimensional images of RSC neurons. The 20X image stacks 

were used to reconstruct stained neurons using Neurolucida 360 and subsequent Sholl analysis 

were performed with Neurolucida Explorer (MBF Bioscience, Williston, VT).  

Fear conditioning 

Trace fear conditioning was conducted in a Plexiglas and stainless-steel chamber (30.5 X 

25.4 X 30.5 cm; Coulbourn Instruments, Whitehall, PA), which was located in a sound-attenuating 

box. The chamber had a standard grid floor consisting of 26 parallel steel rods (5 mm diameter 

and 6 mm spacing). The floor was connected to a precision adjustable shock generator (Coulbourn 

Instruments) to deliver a scrambled footshock (US). The sound-attenuating boxes include a 

ventilation fan, which produced a constant background noise of about 58 dB (measured by a sound 

level meter). The chamber was illuminated by a miniature incandescent lamp (28V) and was 

sprayed with 5% ammonium hydroxide solution prior to each training session. During training, 

the lights in the room were left on (illumination 20.9 lux) for the entire session. 

The CS testing chambers included a Plexiglas and stainless-steel chamber, which served 

as a novel context for the auditory cue test. This chamber was located within a separate sound-

attenuating box located in the same room as the training chambers. The testing chamber was 
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physically different from the training chamber as it had a curved wall, and the floor was black 

Plexiglass (instead of grid bars). The tray below the testing chamber contained clean bedding and 

was sprayed with 2% acetic acid before each test session to provide a distinct olfactory stimulus 

than the training chamber. During the testing session, lights in the room were turned off. 

Rats received a one 6-trial session of auditory fear conditioning using a 15 s CS (80 dB 

white noise), followed by a 30 s stimulus-free trace interval, and then a 1 s footshock (US; 1 mA). 

A long (5.2 min + 20%) intertrial interval was used to maximize CS and minimize context (i.e., 

training chamber) conditioning (Detert et al., 2008). Control rats were either CS only, which 

received only 6 CS presentations in the training chamber in the absence of the footshock (US), or 

experimentally naive rats (did not leave their home cage). To assess learning in conditioned rats, 

the amount of time spent freezing was measured using a PC running FreezeFrame 2.04 

(Actimetrics Software, Coulbourn Instruments, Whitehall, PA), which controlled the delivery of 

all stimuli during training and testing. 

Twenty-four hours after training, trace fear conditioned and CS only rats were brought 

back to the behavior room with the training and testing chambers. Both groups of rats were placed 

in the testing chamber and after a 2 min baseline, trace fear conditioned and CS only rats received 

2 CS presentations (15 s, 80 dB; 2.9 min intertrial interval). Two minutes after the second CS, rats 

were removed from the testing chambers and anesthetized for preparation of RSC slices. 

A remote CCTV video camera (model #WU-BP334; Panasonic Corp., Suzhou, China), 

mounted to the top of each behavioral chamber was used to record activity of each rat during 

training and testing. The video data was fed to a PC running FreezeFrame 2.04. Data was analyzed 

using FreezeView 2.04 (Actimetrics Software, Coulbourn Instruments) where a 1 s bout of 
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immobility was scored as freezing. Freezing was defined as the absence of all movement except 

that required for respiration (Blanchard and Blanchard, 1969).  

Statistical analyses 

All statistical analyses were conducted using IBM SPSS statistics (version 25). Data was 

analyzed using parametric statistics with two-tailed Student’s t test, one-way ANOVA, two-way 

ANOVA, three-way ANOVA or repeated measures ANOVA as appropriate. For significant main 

effects (α = 0.05), a Fisher’s PLSD test was used for post hoc comparisons. All data were reported 

as the mean ± standard error of the mean.  

Results 

Trace fear learning does not alter proportions of RS and RSADP neurons in layer 5 of the 

early adolescent, mid-adolescent, and adult gRSC 

Male (n = 5) and female (n = 6) early adolescent rats (PND 25-29) were trained to associate 

a tone and shock (6 pairings) that were separated by an empty period of time (30 s) and this group 

was referred to as the ‘trace’ group (Figure 5A). The CS only group were male (n = 4) and female 

(n = 5) early adolescent rats that were only exposed to 6 tone presentations and no footshocks 

during training (Figure 5A). Freezing levels in both trace and CS only groups were measured 30 s 

(trace interval) following the tone across the 6 trials. All 4 groups showed comparable freezing 

during training (Figure 5A). Two-way repeated measures ANOVA using trial as a within-subjects 

factor and behavior group as a between-subjects factor revealed a significant main effect of trial 

(F(6, 96) = 15.72, p < 0.001; Figure 5A). However, there was no significant trial by behavior by sex 

interaction (F(6, 96) = 0.61, p > 0.05), and no significant effect of behavior (F(1, 16) = 0.38, p > 0.05; 

Figure 5A). Twenty-four hours later, trace and CS only groups were brought back for testing in a 

novel environment (Figure 5B). To assess learning, both CS only and trace groups were presented 
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with 2 tone presentations in the testing chamber and freezing levels were measured 30 s following 

the tone presentations. Baseline freezing (the first 2 min in the testing chamber) was subtracted 

from the trace interval (Figure 5B). A two-way ANOVA during the tone test showed no significant 

effect of behavior (F(1, 16) = 1.67, p > 0.05), sex (F(1, 16) = 0.01, p > 0.05) or behavior by sex 

interaction (F(1, 16) = 0.47, p > 0.05; Figure 5B). Immediately following retrieval of trace fear 

memories, recordings from the male and female gRSC revealed that RS neurons from trace (90%; 

n = 5), CS only (88%; n = 4) and naive homecage (82%; n = 5) were not different from each other 

(Figure 5C). Male RSADP neurons were also similar across trace (10%; n = 5), CS only (12%; n = 

4), and naive (18%; n = 5) groups (Figure 5C). Similar trends were also observed in the female 

gRSC where the percentage of RS neurons did not change in naive (86%; n = 6), trace (75%, n = 

6), and CS only (72%, n = 5) groups (Figure 5D). Female naive (14%; n = 6), trace (25%, n = 6), 

and CS only (28%, n = 5) RSADP neurons did not significantly alter as a function of trace fear 

learning (Figure 5D). A three-way ANOVA indicated that there was a significant effect of firing 

type (F(1, 50) = 183.43, p < 0.001) but no significant firing type by behavior by sex interaction (F(2, 

50) = 1.98, p > 0.05) or firing type by behavior interaction (F(2, 50) = 0.00, p > 0.05; Figure 5C; 

Figure 5D).  
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Figure 5. Behavioral training does not increase the proportion of RSADP neurons in the early adolescent (PND 

25-29) gRSC. (A) Male and female trace rats receive 6 tone-shock pairings that are separated by a 30 s interval. CS 

only rats receive 6 tone presentations and no footshocks. Rats show elevated freezing following trial 3. (B) Twenty-

four hours later, trace and CS rats are brought to a novel environment and exposed to 2 tone presentations. Trace male 

and female groups show slightly higher freezing levels compared to the male and female CS only groups. (C, D) 

Behavioral training does not alter the percentage of RS or RSADP neurons in the male or female gRSC. RS neurons are 

the majority firing type in naive, trace, and CS only groups. RSADP neurons remain in small percentages in all three 

behavioral groups. Abbreviations: granular retrosplenial cortex (gRSC); postnatal day (PND); trace interval (TI); 

regular spiking (RS); regular spiking afterdepolarization (RSADP); conditioned stimulus (CS). 

 

In mid-adolescent rats, two-way repeated measures ANOVA revealed a significant main 

effect of trial (F(6, 114) = 12.76, p < 0.001), behavior (F(1, 19) = 10.84, p < 0.05), and a trial by 

behavior interaction (F(6, 114) = 3.28, p < 0.05, Figure 6A). However, there was no significant trial 

by sex interaction (F(6, 114) = 1.02, p > 0.05) or trial by behavior by sex interaction (F(6, 114) = 1.31, 
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p > 0.05; Figure 6A). Post hoc analysis showed that female trace rats (n = 6) had higher freezing 

levels compared to CS only females (n = 4) during trials 5 and 6, and male trace rats (n = 6) had 

higher freezing levels compared to CS only males (n = 7) during trials 2 and 3 (p < 0.05; Figure 

6A). Following training, a two-way ANOVA during the tone test showed a significant effect of 

behavior (F(1, 19) = 13.52, p < 0.05), but not a significant effect of sex (F(1, 19) = 2.29, p > 0.05) or 

behavior by sex interaction (F(1, 19) = 0.56, p > 0.05; Figure 6B). Post hoc analysis confirmed that 

trace male rats had significantly higher freezing compared to CS only males (p < 0.05; Figure 6B). 

Similarly, trace females had higher freezing than CS only females (p < 0.05), indicating that both 

male and female mid-adolescent rats had successful retrieval of trace fear memories (Figure 6B). 

Following retrieval of trace fear memories, recordings from the male gRSC revealed that RS 

neurons from trace (31%; n = 6), CS only (48%; n = 7) or naive homecage (25%; n = 7) were not 

different from each other (Figure 6C). Male RSADP neurons were also similar across trace (69%; 

n = 6), CS only (52%; n = 7), and naive (75%; n = 7) groups (Figure 6C). In the female gRSC, 

the percentage of RS neurons did not change in naive (37%; n = 9), trace (20%, n = 6), and CS 

only (28%, n = 4) groups (Figure 6D). Female RSADP neurons in naive (63%; n = 9), trace (80%, 

n = 6), and CS only (72%, n = 4) groups remained unchanged across all behavioral groups (Figure 

6D). A three-way ANOVA indicated a significant effect of firing type (F(1, 66) = 31.07, p < 0.001) 

but no significant firing type by behavior by sex interaction (F(2, 66) = 2.15, p > 0.05) or firing type 

by behavior interaction (F(2, 50) = 1.11, p > 0.05; Figure 6C; Figure 6D).  
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Figure 6. Retrieval of trace fear does not increase the proportion of RSAD P neurons in the mid-adolescent (PND 

42-49) gRSC. (A) Male and female trace rats receive 6 tone-shock pairings that are separated by a 30 s interval. CS 

only rats receive 6 tone presentations and no footshocks. (B) Twenty-four hours later, trace and CS rats are brought 

to a novel environment and exposed to 2 tone presentations. Trace males have significantly higher freezing compared 

to CS only males and trace females have significantly higher freezing levels compared to CS only females. (C, D) 

Retrieval of trace fear memories does not alter the percentage of RS or RSADP neurons in the male or female gRSC. 

Abbreviations: granular retrosplenial cortex (gRSC); postnatal day (PND); trace interval (TI); regular spiking (RS), 

regular spiking afterdepolarization (RSADP); conditioned stimulus (CS). (*p < 0.05). 
 

In adults, two-way repeated measures ANOVA revealed a significant main effect of trial 

(F(6, 156) = 12.49, p < 0.001), behavior (F(1, 26) = 15.81, p < 0.05), trial by behavior interaction (F(6, 

156) = 3.59, p < 0.05), and trial by sex interaction (F(6, 156) = 2.16, p < 0.05; Figure 7A). However, 

there was no significant trial by behavior by sex interaction (F(6, 156) = 0.03, p > 0.05; Figure 7A). 
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Post hoc analysis confirmed that female trace rats (n = 7) froze significantly more than CS only 

females (n = 5) during trial 4, whereas male trace rats (n = 10) froze more than CS only males (n 

= 8) during trials 2, 3, 4, and 5 (p < 0.05; Figure 7A). During retrieval, a two-way ANOVA showed 

a significant effect of behavior (F(1, 26) = 19.69, p < 0.001), but not an effect of sex (F(1, 26) = 1.29, 

p > 0.05) or behavior by sex interaction (F(1, 26) = 0.09, p > 0.05; Figure 7B). Post hoc analysis 

confirmed that during the retrieval test, trace males and females froze more than their CS only 

controls (p < 0.05; Figure 7B), suggesting successful retrieval in trace rats. After retrieval of trace 

fear memories, recordings from the male gRSC revealed that RS neurons from trace (23%; n = 

10), CS only (43%; n = 7), and naive homecage (22%; n = 25) were not different from each other 

(Figure 7C). Male RSADP neurons were also similar across naive (78%; n = 25), trace (77%; n = 

10), and CS only (57%; n = 7) groups (Figure 7C). In the female gRSC, the percentage of RS 

neurons did not significantly change in naive (20%; n = 21), trace (4%, n = 7), and CS only (39%, 

n = 5) groups (Figure 7D). Female naive (80%; n = 21), trace (96%, n = 7), and CS only (61%, n 

= 5) RSADP neurons did not significantly alter due to trace learning (Figure 7D). A three-way 

ANOVA indicated that there was a significant effect of firing type (F(1, 138) = 61.90, p < 0.001) and 

firing type by behavior interaction (F(2, 138) = 5.06, p < 0.05) but no significant firing type by 

behavior by sex interaction (F(2, 138) = 0.80, p > 0.05; Figure 7C; Figure 7D). Together, these data 

suggest that retrieval of trace fear memories does not change the proportion of RS or RSADP 

neurons irrespective of developmental age. 

 

 

 

 

 

 

 



38 

 

Figure 7. Retrieval of trace fear does not increase the proportion of RSADP neurons in the adult (PND > 60) 

gRSC. (A) Male and female trace rats receive 6 tone-shock pairings that are separated by a 30 s interval. CS only rats 

receive 6 tone presentations and no footshocks. (B) Twenty-four hours later, trace and CS rats are brought to a novel 

environment and exposed to 2 tone presentations. Trace males have significantly higher freezing compared to CS only 

males and trace females have significantly higher freezing levels compared to CS only females. (C, D) Retrieval of 

trace fear memories does not alter the percentage of RS or RSADP neurons in the male or female gRSC. Abbreviations: 

granular retrosplenial cortex (gRSC); postnatal day (PND); trace interval (TI); regular spiking (RS), regular spiking 

afterdepolarization (RSADP); conditioned stimulus (CS). (*p < 0.05). 
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Sex differences in the NMDA receptor-mediated ADP of gRSC neurons 

 

The ADP property in RSADP neurons is mediated by several ion channels and receptors 

including Na+ channels (Guatteo et al., 1999), mGluRs (Greene et al., 1994; Young et al., 2004; 

Park et al., 2010; Yousuf et al., 2020b), and NMDA receptors (Wu et al., 2004; Grienberger et al., 

2014). Bath-application of NMDA receptor antagonist completely abolishes the ADP in male 

hippocampal neurons (Wu et al., 2004), and the female gRSC is more sensitive to NMDA receptor 

blockade than males (de Olmos et al., 2008), suggesting sex differences in the NMDA receptor-

regulated ADP. We identified RSADP neurons in the female (n = 10) and male (n = 10) gRSC and 

bath-applied NMDA receptor antagonist, D-AP5 (100 µM) for approximately 20 min (Figure 8). 

A two-way repeated measures ANOVA showed a significant effect of drug (F(1, 18) = 5.25, p < 

0.05) but not a significant effect of sex (F(1, 18) = 0.14, p > 0.05) or drug by sex interaction (F(1, 18) 

= 0.58, p > 0.05; Figure 8). Post hoc analysis confirmed that D-AP5 significantly reduced the ADP 

amplitude in female (p < 0.05; Figure 8A, 8B) but not in male RSADP neurons (p > 0.05; Figure 

8A; Figure 8C) of the gRSC. Thus, NMDA receptors regulate the prominent ADP component in 

the gRSC in a sex-dependent manner. 
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Figure 8. NMDA receptors mediate the ADP component in female RSADP neurons of the gRSC. (A) NMDA 

receptor blocker, D-AP5 significantly reduces the ADP (p < 0.05) in the female gRSC but does not completely reduces 

ADP amplitude in the male gRSC to a lesser extent (not significant). (B) Overlay of membrane voltages before (traces 

in black) and after (traces in red) bath-application of D-AP5. Note the substantial effect of D-AP5 in reducing the 

ADP amplitude in females. (C) Membrane voltage responses before (black) and after (blue) bath-application of D-

AP5 in the male gRSC. D-AP5 does not significantly reduce the ADP in the male gRSC (*p < 0.05). Abbreviations: 

afterdepolarization (ADP); regular-spiking afterdepolarization (RSADP); granular retrosplenial cortex (gRSC); N-

methyl-D-aspartate (NMDA). 
 

Sex differences in ADP-associated dendritic morphology of gRSC neurons 

 

Complex dendritic morphology regulates the ADP in rat cortical neurons and shorter 

dendritic length has been associated with increased ADP amplitude (Bekkers and Häusser, 2007; 

Roberts et al., 2009; Šišková et al., 2014). We sought to understand whether dendritic length and 

surface area contribute to ADP amplitude in male and female gRSC neurons. In males, a Sholl 

analysis indicated that dendritic complexity of basal dendrites in RS neurons (n = 15) was 
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significantly enhanced compared to RSADP neurons (n = 16; Figure 9A; Figure 9B). Two-way 

repeated measures ANOVA revealed a significant effect of distance from soma (F(29, 841) = 146.92, 

p < 0.01), firing type (F(1,29) = 12.22, p < 0.01), and distance from soma by firing type interaction 

(F(29, 841) = 5.38, p < 0.01; Figure 9B). Post hoc analysis showed that basal dendrites of RS neurons 

were significantly more complex between 70-220 µm and 260-290 µm distance from soma (p < 

0.05; Figure 9B). No significant differences were observed in apical dendritic complexity of RS 

(n = 15) and RSADP (n = 16) neurons of the male gRSC (Figure 9A; Figure 9C). Two-way repeated 

measures ANOVA revealed a significant effect of distance from soma (F(29, 841) = 28.32, p < 0.01), 

but not a significant effect of firing type (F(1, 29) = 1.54, p > 0.05), or a distance from soma by firing 

type interaction (F(29, 841) = 1.99, p > 0.05; Figure 9C). To visualize overall dendritic complexity, 

we combined basal and apical dendritic intersections of RS and RSADP neurons (Figure 9A; Figure 

9D). Two-way repeated measures ANOVA demonstrated a significant effect of distance from 

soma (F(29, 841) = 149.62, p < 0.01), firing type (F(1,29) = 9.36, p < 0.01), and distance from soma 

by firing type interaction (F(29, 841) = 6.17, p < 0.01; Figure 9D). Post hoc analysis showed that 

dendrites of RS neurons were significantly more complex between 60-190 µm, 210-220 µm, 250 

µm, and 270-290 µm distance from soma (p < 0.05; Figure 9D). Thus, dendritic complexity of 

male RSADP neurons is substantially reduced compared to RS neurons.  
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Figure 9. Dendritic morphology of RS and RSADP neurons within the male gRSC neurons. (A) Morphology of 

male RS and RSADP neurons in layer 5 gRSC. Shown are representative confocal Z-stack projections (left) and 

corresponding 3-dimensional reconstructions (right). (B) Sholl analysis comparing basal dendritic complexity of RS 

(light blue) and RSADP (dark blue) neurons. Basal dendrites of RS neurons have significantly more intersections and 

branching compared to those of RSADP neurons. (C) Apical dendrites of RS and RSADP neurons have similar branching. 

(D) Combined basal and apical dendrites of RSADP neurons have significantly reduced dendritic branching compared 

to those of RS neurons (**p < 0.01). Scale bar represents 100 µm. Abbreviations: regular spiking (RS); regular-spiking 

afterdepolarization (RSADP); granular retrosplenial cortex (gRSC). 

 

Next, we examined if ADP amplitude correlated with dendritic length and surface area in 

male gRSC neurons (n = 15; Figure 10). We found that ADP amplitude did not correlate with 

basal (r = - 0.17, p > 0.05; Figure 10A) or apical (r = 0.07, p > 0.05; Figure 10B) dendritic lengths.  

ADP amplitude did not correlate with basal (r = - 0.03, p > 0.05; Figure 10C) or apical (r = 0.44, 

p > 0.05; Figure 10D) surface areas either. Together, RSADP neurons have reduced dendritic 

branching compared to RS neurons, and this may be due to the presence of the ADP. However, 

the ADP amplitude does not contribute to dendritic complexity.  
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Figure 10. ADP amplitude does not correlate with dendritic length or surface area in the male gRSC. (A, B) 

ADP amplitude in male RSADP neurons does not correlate with basal or apical dendritic lengths (p > 0.05). (C, D) ADP 

amplitude in RSADP neurons does not correlate with basal or apical dendritic surface areas (p > 0.05). Abbreviations: 

afterdepolarization (ADP); granular retrosplenial cortex (gRSC). 

 

Unlike layer 5 of the male gRSC, a Sholl analysis in females indicated that dendritic 

complexity of basal dendrites in RS neurons (n = 14) was not different than RSADP neurons (n = 

19; Figure 11A; Figure 11B). Two-way repeated measures ANOVA revealed a significant effect 

of distance from soma (F(29, 899) = 128.84, p < 0.01), but not a significant effect of firing type (F(1,31) 

= 1.68, p > 0.05) or distance from soma by firing type interaction (F(29, 899) = 0.53, p > 0.05; Figure 

11B). No significant differences were observed in apical dendritic complexity of RS (n = 14) and 
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RSADP (n = 19) neurons of the male gRSC (Figure 11A; Figure 11C). Two-way repeated measures 

ANOVA revealed a significant effect of distance from soma (F(29, 899) = 28.32, p < 0.01), but not a 

significant effect of firing type (F(1, 31) = 0.00, p > 0.05), or a distance from soma by firing type 

interaction (F(29, 899) = 0.80, p > 0.05; Figure 11C). To visualize overall dendritic complexity, we 

combined basal and apical dendritic intersections of RS and RSADP neurons (Figure 11A, 11D). 

Two-way repeated measures ANOVA demonstrated a significant effect of distance from soma 

(F(29, 899) = 122.26, p < 0.01), but not a significant effect of firing type (F(1,31) = 1.20, p > 0.05), and 

distance from soma by firing type interaction (F(29, 899) = 0.40, p > 0.05; Figure 11D). Thus, 

dendritic complexity is similar in RS and RSADP neurons of the female gRSC. 
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Figure 11. Dendritic morphology of RS and RSADP neurons within the female gRSC neurons. (A)Morphology of 

female RS and RSADP neurons in layer 5 gRSC. Shown are representative confocal Z-stack projections (left) and 

corresponding 3-dimensional reconstructions (right). (B) In females, Sholl analysis comparing basal dendritic 

complexity of RS (pink) and RSADP (red) neurons. Basal dendrites of RS neurons have similar number of intersections 

and branching compared to RSADP neurons. (C) Apical dendrites of RS and RSADP neurons have similar branching. 

(D) Combined basal and apical dendrites of RSADP neurons have similar dendritic branching to RS neurons. 

Abbreviations: regular spiking (RS); regular-spiking afterdepolarization (RSADP); granular retrosplenial cortex 

(gRSC). Scale bar represents 100 µm. 

 

ADP amplitude did not correlate with dendritic length or surface area in female layer 5 

gRSC neurons (n = 18; Figure 12). We found that ADP amplitude did not correlate with basal (r 

= 0.11, p > 0.05; Figure 12A) or apical (r = - 0.34, p > 0.05; Figure 12B) dendritic lengths. Similar 

to males, ADP amplitude did not correlate with female basal (r = 0.27, p > 0.05; Figure 12C) or 

apical surface areas in females (r = - 0.30, p > 0.05; Figure 12D). Thus, the presence of the ADP 

or the ADP amplitude does not influence dendritic morphology in the female gRSC. 
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Figure 12. ADP amplitude does not correlate with dendritic length or surface area in the female gRSC. (A, B) 

ADP amplitude in female RSADP neurons does not correlate with basal or apical dendritic lengths (p > 0.05). (C, D) 

ADP amplitude in female RSADP neurons does not correlate with basal or apical dendritic surface areas (p > 0.05). 

Abbreviations: afterdepolarization (ADP); granular retrosplenial cortex (gRSC). 

 

 

 

 

 

 

 

 

 

 

 

 

Basal surface area Apical surface area 

A B 

C D 

Basal length Apical length 

0 1 2 3 4 5 6
0

2000

4000

6000

8000

 ADP amplitude (mV)

D
en

d
ri

ti
c 

le
n
g
th

 (


M
)

r = 0.11, p > 0.05

0 1 2 3 4 5 6
0

10000

20000

30000

40000

50000

 ADP amplitude (mV)

D
en

d
ri

ti
c 

su
rf

ac
e 

ar
ea

 (


M
2
)

r = 0.27, p > 0.05

0 1 2 3 4 5 6
0

2000

4000

6000

8000

 ADP amplitude (mV)

D
en

d
ri

ti
c 

le
n
g
th

 (


M
)

r = - 0.34, p > 0.05

0 1 2 3 4 5 6
0

10000

20000

30000

40000

50000

 ADP amplitude (mV)

D
en

d
ri

ti
c 

su
rf

ac
e 

ar
ea

 (


M
2
)

r = - 0.30, p > 0.05

Female 



49 

 

Discussion 

 

Here, we examined whether learning, dendritic morphology, and NMDA receptor activity 

regulate the prominent ADP component, which emerges as a function of age in the gRSC (Yousuf 

et al., 2020b). Our results demonstrate that trace fear memory formation does not change the 

percentage of RS or RSADP neurons in the gRSC of early adolescent, mid-adolescent or adult rats. 

Further, we found that pharmacological blockade of NMDA receptors significantly reduces the 

ADP amplitude in female RSADP neurons but not in males. Our data also reveal that dendritic 

complexity in male RSADP neurons was significantly decreased compared to RS neurons but RS 

and RSADP neurons have similar dendritic branching in females. Overall, our results provide insight 

related to sex differences in mechanisms modulating the ADP, an intrinsic property that drives 

excitability in fear-related brain regions (Wu et al., 2004; Thomas et al., 1998; Pike et al., 1999). 

Role of trace fear learning in induction of the ADP 

Nearly 85% of neurons in the naive early adolescent gRSC are RS neurons and this number 

steadily declines to ~20% over development. During early adolescence, RSADP neurons are 15% 

of the gRSC and these percentages substantially increase during adulthood (80%). We found that 

retrieval of trace fear memories does not alter the percentage of RS neurons or RSADP neurons at 

any age. One possibility that we did not see an increased number of RSADP neurons in early 

adolescent rats is because they may not have successfully retrieved trace fear memories. During 

the tone test, CS only rats had reduced (but not significant) freezing compared to trace rats. These 

behavioral results could be because early adolescent rats were not trained at the same time, which 

may have added variability to the experiment. However, mid-adolescent and adult rats exhibit 

successful trace retrieval where CS only rats have significantly reduced freezing compared to trace 

rats. Despite the evidence of successful retrieval in mid-adolescent and adult male and female rats, 
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there was a lack of learning-related changes in proportions of RS and RSADP neurons in the gRSC 

in the two age groups. Thus, successful retrieval of trace fear memories does not enhance the 

percentage of RSADP neurons in the rat gRSC.  

Previous reports indicate that learning alters the proportion of different firing types (Dunn 

et al., 2018). The subiculum of naive male rats has 56% of RS and 44% of BS cells, and retrieval 

of contextual fear significantly increases RS cells to 81% and reduces BS cells to 19% (Dunn et 

al., 2018). Additionally, proportion of RS and BS cells is altered in the subiculum of rats that are 

exposed to the training chamber without a shock (Dunn et al., 2018). These data suggest that fear 

learning or novel contexts alone is sufficient to remodel the intrinsic properties of the subiculum.  

We were expecting to see a substantial increase in RSADP neurons following learning as the ADP 

has been shown to influence both synaptic and intrinsic plasticity. For example, synaptic inputs 

promote an ADP in hippocampal neurons (Wu et al., 2004; Brown and Randall., 2009). Further, 

the ADP regulates critical learning-related intrinsic mechanisms such as the AHP (Wu et al., 2004). 

An enhancement of AHP in hippocampal neurons is associated with learning deficits in aged 

rabbits (Moyer et al., 1992), and a reduced AHP increases intrinsic plasticity in several limbic 

brain structures (Disterhoft et al., 1986; Moyer et al., 1996; Santini et al., 2008; Kaczorowski and 

Disterhoft, 2009; McKay et al., 2009; Song et al., 2012; Sehgal et al., 2014; Dunn et al., 2018). 

Pharmacological manipulations that suppress the AHP can facilitate learning in aged rabbits 

(Kowalska and Disterhoft, 1994; Moyer et al., 1992; Oh et al., 1999; Power et al., 2001), and 

abolishing the AHP leads to the induction of an ADP in hippocampal neurons (Wu et al., 2004). 

Thus, the ADP plays a large role in modulating other intrinsic membrane properties such as the 

AHP to influence intrinsic plasticity and synaptic efficacy.  

Role of  NMDA receptors in mediating the ADP 
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We provide the first evidence that pharmacological blockade of NMDA receptors reduces 

the ADP amplitude in gRSC neurons. In the male rat hippocampus, the ADP is mediated by 

NMDA receptors and pharmacologically abolishing the sAHP enhances the ADP amplitude (Wu 

et al., 2004). One mechanism that explains the associations between NMDA receptors, ADP, and 

sAHP is that the hyperpolarized sAHP facilitates the Mg2+ block of activated NMDA receptors 

(Wu et al., 2004). A suppressed sAHP may promote temporal summation of high-frequency inputs, 

which leads to the depolarization of neurons and removal of the Mg2+ block (Wu et al., 2004). The 

lack of Mg2+ block leads to synaptic inputs and triggers an enhanced NMDA receptor-mediated 

response in the form of an ADP (Wu et al., 2004). Together, a suppressed sAHP may enhance 

NMDA receptor activity to promote an ADP in gRSC neurons. 

Bath-application of NMDA receptor blockers significantly reduces the ADP amplitude in 

the female gRSC (46%) and to a lesser extent in males (23%). These data are not surprising as 

previous studies have reported that the female gRSC is more sensitive to the neurotoxic effects of 

NMDA receptor antagonists (de Olmos et al., 2008). In the gRSC, NMDA receptor blockade only 

partially reduces the ADP but completely abolishes the ADP in hippocampal neurons (Wu et al., 

2004). Similarly, mGluR antagonists reduce the ADP by only 30% in the gRSC (Yousuf et al., 

2020b). The ADP in other fear-related brain regions is mediated by diverse ion channels and 

receptors including Na+, Ca2+, and muscarinic receptors (Caeser et al., 1993; Azouz et al., 1996; 

Greene et al., 1996; Guatteo et al., 1999; Haj-Dahmane and Andrade, 1998; Yan et al., 2009; Park 

et al., 2010; Lei et al., 2014), and how they regulate the ADP may vary across different brain 

regions. Thus, unlike the hippocampus, NMDA receptors play a partial role in shaping the ADP 

in gRSC neurons.  

Role of dendritic morphology in regulating the ADP 
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Dendritic morphology and basic dendritic cable properties can modulate intrinsic plasticity 

as well as synaptic efficacy (for reviews see Spruston, 2008; Spruston et al., 2016). A non-active 

mechanism may occur, which involves an AP in the soma depolarizing the dendritic membrane 

(which has a larger surface area and capacitance). After the somatic AP has repolarized, the charge 

from the dendritic membrane travels back to the soma and produces an ADP that is enhanced by 

active dendritic conductances regulated by Na+ and Ca2+ channels. These ion channels are usually 

present in the dendrites and allow large active depolarizing effects that are slower and occur later 

relative to APs in the soma (Andreasen and Lambert, 1995; Magee and Carruth, 1999; Williams 

and Stuarty, 1999; Bean, 2007). Based on this mechanism, we speculate that dendrites act as a 

capacitive load, and shorter dendritic length or surface area would allow dendritic positive charges 

to travel to the soma more efficiently, resulting in larger ADP amplitudes of neurons. 

We demonstrated that in the male gRSC, the dendrites in RS neurons are significantly more 

complex than RSADP neurons. Interestingly, ADP amplitude does not correlate with basal and 

apical dendritic length or surface area. These data provide indirect evidence that the presence of 

the ADP may contribute to the decline in dendritic branching in male RSADP neurons but the 

amplitude itself does not have an effect on dendritic complexity. In females, RS and RSADP neurons 

have similar dendritic branching and ADP amplitude does not correlate with basal and apical 

dendritic length or surface area. These data suggest that the role of dendritic branching and length 

in mediating the ADP may be sex-specific. Future work using novel techniques such as 

dendrotomy can unveil the precise role of dendrites in promoting the ADP in neurons of the male 

and female gRSC.  

In conclusion, these data are the first to investigate different mechanisms that regulate the 

prominent ADP component that appears as a consequence of age in the rat gRSC. We found that 
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NMDA receptor activity and dendritic morphology mediate the ADP differently in the female and 

male gRSC. Future work examining these sex-dependent mechanisms will give crucial insight on 

how the gRSC undergoes intrinsic plasticity in males and females. Understanding sex differences 

in learning-related plasticity can allow the development of tailored sex-specific treatments for 

learning and memory disorders. 
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CHAPTER THREE: Sex- and age-dependent effects on experience-dependent intrinsic 

plasticity in the granular retrosplenial cortex 

Introduction 

 

Pavlovian fear conditioning is a widely used model to investigate mechanisms underlying 

maladaptive fear memories. There are several types of fear conditioning paradigms including delay 

fear conditioning, in which rodents are trained to associate a CS (e.g. tone) with an aversive stimuli 

(US; e.g. footshock). The CS coterminates with the US and elicits a freezing response. The neural 

circuit for delay fear conditioning is simple, and requires the brainstem and the amygdala (Phillips 

and LeDoux, 1992; LeDoux, 2000; Kitamura et al., 2015). However, a subtle change in delay fear 

conditioning such as an empty period of time between the CS and US (trace fear conditioning) can 

dramatically change the neural circuit. Explicit, declarative knowledge of the CS-US contingencies 

in trace fear learning (but not delay fear learning) requires the RSC (Kwapis et al., 2015). 

Specifically, the gRSC subregion of the RSC forms reciprocal connections with the hippocampus, 

and has a heterogeneous population of neuronal firing types (RS, RSADP, BS; Yousuf et al., 2020b), 

making it an ideal candidate to support complex associative learning (Van Groen and Wyss, 1990; 

Sugar et al., 2011; Kwapis et al., 2015). Although many of the brain regions in the trace fear 

circuitry including the mPFC, hippocampus, and amygdala have been well-studied (Knight et al., 

2004; Esclassan et al., 2009a, 2009b; Gilmartin and Helmstetter, 2010; Kwapis et al., 2011; 

Gilmartin et al., 2012), little is known about learning-related plasticity within the RSC. 

Developmental age-related changes occur in fear behavior, and the physiology underlying 

several fear-related brain regions (Vasilyev and Barish, 2002; Pattwell et al., 2011; Ehrlich et al., 

2012; Ryan et al., 2016; Arruda-Carvalho et al., 2017; Zimmermann et al., 2019; Yousuf et al., 

2020b). Specifically, in the male rat gRSC, drastic changes occur around PND 30 where there is 
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an increase of RSADP, and a decrease of RS neurons (Yousuf et al., 2020b). The emergence of the 

ADP at ~PND 30 overlaps with when rodents are able to acquire trace fear memories (PND 28; 

Moye and Rudy, 1987; Barnet and Hunt, 2005), a behavioral task that relies on the RSC (Kwapis 

et al., 2015; Todd et al., 2016). These data raise the question about how certain intrinsic properties 

such as the ADP may contribute to the acquisition and retrieval of trace fear learning during 

development. 

Majority of the studies investigating developmental patterns in learning are focused on 

males. Epidemiological evidence indicates that females are twice as likely to develop anxiety 

disorders than males (Kessler et al., 1995, 2012). Sex differences in fear learning can emerge prior 

to or after puberty due to the organizational and activational effects of sex steroid hormones 

(Toledo-Rodriguez and Sandi, 2007; Dalla and Shors, 2009; Vigil et al., 2016; Juraska and Willing, 

2017). Previous studies have reported sex differences in RSC-dependent tasks such as trace 

eyeblink conditioning (Weible et al., 2000; Dalla et al., 2009) and contextual fear learning in adult 

rodents (Maren et al., 1994; Ris et al., 2005; Kosten et al., 2006; Gresack et al., 2009; Moore et 

al., 2010; Mizuno et al., 2012; Sase et al., 2019). Further, sex differences in synaptic plasticity 

have been noted in the adult rodent hippocampus (Maren et al., 1994; Yang et al., 2004; Monfort 

et al., 2015; Qi et al., 2016; Wang et al., 2018). Exactly when sex differences emerge in trace fear 

learning, and how learning induces plasticity in the gRSC is unknown.  

We investigated how retrieval of trace fear memories is different between sexes, and three 

different age groups: early adolescence (PND 25-29), mid-adolescent (PND 42-49), and adults 

(PND > 60). We found a nonlinear trajectory in trace fear retrieval in males (but not females) 

where male mid-adolescent rats exhibit the lowest freezing levels compared to other age groups. 

Sex differences in retrieval of trace memories were also observed only during early adolescence, 



56 

 

and not any other ages. Second, we determined the developmental age when sex differences 

emerge in neurons of the gRSC, and how sex and age play a role in experience-dependent changes 

in these neurons. We found male RSADP neurons have enhanced intrinsic excitability compared to 

females, and this sex difference is present from early adolescence until adulthood. Further, sex 

differences in RS neurons emerge during adulthood. Learning and novel context influence gRSC 

neurons in a cell-type specific manner where intrinsic excitability of male RSADP neurons (but not 

male RS) is altered during all ages, whereas only adult female RS and RSADP neurons are affected 

by learning and novel experiences. Our results give insight regarding the sex- and age-specific 

recruitment of the RSC in processing complex fear memories or novel stimuli. 

Materials and methods  

Same as chapter 2. 
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Results 

 

Sex and age differences in retrieval of trace fear memories 

 

Male (n = 4 for each age group) and female (n = 4 for each age group) early adolescent 

(PND 25-29), mid-adolescent (PND 42-49), and adult (PND > 60) rats were conditioned to 

associate a tone with a footshock (6 pairings) that was separated by a 30 s interval. Freezing levels 

in all 6 groups were measured 30 s (trace interval) following the tone across the 6 trials. Two-way 

repeated measures ANOVA with trial as a within-subjects factor, and behavior group as a between-

subjects factor revealed a significant main effect of trial (F(6, 108) = 47.87, p < 0.001; Figure 13A). 

There was a significant trial by sex interaction (F(6, 108) = 2.24, p < 0.05), and a sex by age 

interaction (F(2, 18) = 3.51, p = 0.051; Figure 13A). However, there was no significant trial by sex 

by age interaction (F(12, 108) = 1.21, p > 0.05), and no significant effect of age (F(2, 18) = 0.88, p > 

0.05) or sex (F(1, 18) = 0.63, p > 0.05; Figure 13A). Post hoc analysis confirmed that following trial 

3, all rats showed significantly higher freezing levels (p < 0.05) compared to baseline (first 2 min 

in the training chamber), suggesting that all groups had successful acquisition of trace fear learning 

(Figure 13A). Twenty-four hours later, trace and CS only groups were brought back for testing in 

a novel environment (Figure 13B; Figure 13C). To assess learning, all rats were presented with 2 

tone presentations in the testing chamber and freezing levels were measured 30 s following the 

tone presentations. Baseline freezing (the first 2 min in the testing chamber) was subtracted from 

the trace interval (Figure 13B; Figure 13C). Two-way ANOVA demonstrated a significant effect 

of sex (F(1, 18) = 4.84, p < 0.05) but not a significant effect of age F(2, 18) = 1.78, p > 0.05) or a 

significant age by sex interaction (F(2, 18) = 1.64, p > 0.05; Figure 13B; Figure 13C). Post hoc 

analysis concluded that early adolescent males froze significantly more than early adolescent 
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females (p < 0.05; Figure 13C). Further, male mid-adolescent males had reduced freezing 

compared to early adolescent and adult males (p = 0.08; Figure 13B). Thus, sex differences in  

retrieval of trace fear memories were observed only during early adolescence. 

Figure 13. Age and sex differences in retrieval of trace fear memories. (A) Early adolescent (PND 25-29), mid-

adolescent (PND 42-49), and adult (PND > 60) male and female rats receive 6 tone-shock pairings that are separated 

by a 30 s interval. (B) Twenty-four hours later, all rats are brought to a novel environment and exposed to 2 tone 

presentations. Blue bar graphs represent retrieval of trace fear memories in males during three different developmental 

periods. Mid-adolescent male rats freeze less than early adolescent and adult males. Red bar graphs represent retrieval 

of trace fear in females in three age groups and no differences are observed across development. (C) Bar graphs 

representing sex differences within each age group. Early adolescent male rats freeze significantly more than females. 
Abbreviations: postnatal day (PND); trace interval (TI). (*p < 0.05). 
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Figure 14. Neuronal firing types in layer 5 of the gRSC. (A) Fluorescence image of a coronal section of the rat 

gRSC. A low power (X4) DAPI image illustrating the borders of the gRSC. Traces representing a (B) RS neuron (C) 

RSADP neuron and (D) BS neuron. Abbreviations: granular retrosplenial cortex (gRSC); regular spiking (RS); regular 

spiking afterdepolarization (RSADP); burst spiking (BS). Scale bar, 50 µm. 
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Table 1. Developmental changes in neuronal firing type distribution in layer 5 gRSC. Data indicate the 

percentage of each firing type observed at different developmental ages. Other includes FS and LS neurons. 

Abbreviations: postnatal day (PND); regular spiking (RS); regular spiking afterdepolarization (RSADP); burst spiking 

(BS); fast spiking (FS); late spiking (LS); granular retrosplenial cortex (gRSC). 

Sex differences in experience-dependent intrinsic plasticity in the early adolescent (PND 25-

29) gRSC 

During early adolescence (PND 25-29), RS neurons are the predominant firing type in the 

male and female layer 5 gRSC (~80%; Figure 14; Table 1). Intrinsic excitability of RS neurons 

was similar in the naive early adolescent gRSC of males (n = 20) and females (n =26; Figure 15; 

Table 2). Two-way repeated measures ANOVA demonstrated a significant effect of current (F(18, 

792) = 147.831, p < 0.001), indicating that the number of APs increased in response to ascending 

PND 10-15 

 RS% RSADP% BS% Other% 

Male   83%   0% 0%  17% 
Female 100%   0% 0%    0% 

PND 16-20 

Male   85% 11%             0%    4% 

Female   58%   8%           17%  17% 

PND 21-25 

Male 100%   0% 0%    0% 

Female   80% 20% 0%    0% 

PND 26-30 

Male   82% 18%             0%    0% 

Female   85% 13%             2%    0% 

PND 35-40 

Male   41% 38%             0%  21% 

Female   42% 38%           17%    3% 

PND 41-45 

Male   23% 70%             7%    0% 

Female   36% 52%           12%    0% 

PND 46-50 

Male   24% 70%             3%    3% 

Female   35% 54%           11%    0% 

PND > 60 

Male   19% 64%             9%    8% 

Female   15% 70%           12%    3% 
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current injections to the soma (Figure 15A). There was no effect of sex (F(1, 44) = 0.00, p > 0.05) 

or current by sex interaction (F(18, 792) = 2.45, p > 0.05; Figure 15A).  

RSADP neurons constitute approximately 20% of the early adolescent gRSC (Figure 14; 

Table 1). In response to increasing current injections, male RSADP neurons (n = 7) had increased 

number of APs compared to females (n = 7; Figure 15B; Table 2). Two-way repeated measures 

ANOVA indicated a significant effect of current (F(18, 198) = 77.10, p < 0.001), and current by sex 

interaction (F(18, 198) = 3.19, p < 0.05) but not a significant effect of sex (F(1, 11) = 4.43, p = 0.06; 

Figure 15B). Post hoc analysis confirmed that at current injections higher than 300 pA, male RSADP 

neurons fire more APs compared to females (p < 0.05; Figure 15B). Thus, sex differences are 

prevalent in intrinsic excitability of RSADP neurons but not RS neurons of the early adolescent 

gRSC. 
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Figure 15. Sex differences in intrinsic excitability of RSADP neurons in the early adolescent (PND 25-29) gRSC. 

Representative traces at 300 pA injections. (A) RS neurons in the male (grey circle) and female (grey diamond) gRSC 

fire similar numbers of APs in response to increasing somatic current injections. (B) At current injections higher than 

300 pA, male RSADP neurons fire more  APs compared to females. Abbreviations: granular retrosplenial cortex 

(gRSC); postnatal day (PND); regular spiking (RS), regular spiking afterdepolarization (RSADP); action potential (AP). 

(*p < 0.05). 
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Table 2. Sex differences in membrane properties of RS and RSADP neurons in the early adolescent (PND 25-29) 

gRSC. Significantly different from RS or RSADP male (*, p < 0.05). Significantly different from male RS (#, p < 

0.05). Abbreviations: regular spiking (RS); regular spiking afterdepolarization (RSADP); postnatal day (PND); action 

potential (AP); afterdepolarization (ADP); fast afterhyperpolarization (fAHP); medium afterhyperpolarization 

(mAHP); slow afterhyperpolarization (sAHP); resting membrane potential (RMP); input resistance (RN); granular 

retrosplenial cortex (gRSC). 

Sex differences favoring males were observed in RSADP but not RS neurons of the early 

adolescent rat (Figure 15). We next examined whether retrieval of trace fear memories would alter 

intrinsic excitability of gRSC neurons (RS or RSADP) in a sex-dependent manner. Male (n = 5) and 

female (n = 6) early adolescent rats (PND 25-29) were trained to associate a tone and shock (6 

pairings) that were separated by an empty period of time and this group was referred to as the 

‘trace’ group (Figure 16A). The CS only group were male (n = 4) and female (n = 5) early 

adolescent rats that were only exposed to 6 tone presentations and no footshocks during training 

(Figure 16A). All 4 groups showed comparable freezing during training (Figure 16A). Two-way 

repeated measures ANOVA revealed a significant main effect of trial (F(6, 96) = 15.72, p < 0.001; 

Figure 16A). However, there was no significant trial by behavior by sex interaction (F(6, 96) = 0.61, 

 RS RSADP 

 Male Female Male Female 

 n = 20 n = 26 n = 7 n = 7 

Membrane 

Properties 
  

 
 

RMP (mV) -67.1 ± 0.4 -66.3 ± 0.5      -65.3 ± 0.3        -63.0 ± 0.6* 

RN (MΩ) 105.3 ± 11.2   144.5 ± 14.8* 92.1 ± 8.0 146.4 ± 27.0 

APthreshold (mV) -36.5 ± 1.0     -37.3 ± 0.8      -40.3 ± 1.0     -37.7 ± 0.7 

APamplitude (mV)     70.4 ± 2.3      74.2 ± 1.1 78.3 ± 2.9      76.8 ± 3.4 

APhalf-width (ms)            1.6 ± 0.1            1.5 ± 0.0    1.3 ± 0.1#            1.4 ± 0.1 

ADPamplitude (mV)               n/a            0.7 ± 0.2 n/a    0.9 ± 0.3 

fAHP (mV)   -3.7 ± 0.8 -5.6 ± 0.6 -6.0 ± 0.7  -6.3 ± 1.3 

mAHP (mV)        -3.9 ± 0.5 -3.5 ± 0.4 -3.4 ± 0.7 -4.2 ± 0.8 

sAHP (mV)           -1.7 ± 0.1 -1.7 ± 0.1 -1.5 ± 0.2  -1.9 ± 0.2 
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p > 0.05), and no significant effect of behavior (F(1, 16) = 0.38, p > 0.05; Figure 16A). Twenty-four 

hours later, trace and CS only groups were brought back for testing in a novel environment (Figure 

16B). A two-way ANOVA during the tone test showed no significant effect of behavior (F(1, 16) = 

1.67, p > 0.05), sex (F(1, 16) = 0.01, p > 0.05) or behavior by sex interaction (F(1, 16) = 0.47, p > 0.05; 

Figure 16B). 

Figure 16. Acquisition and retrieval of trace fear in male and female early adolescent (PND 25-29) rats. (A) 

Male and female trace rats receive 6 tone-shock pairings that are separated by a 30 s interval. CS only rats receive 6 

tone presentations and no footshocks. Rats show elevated freezing following trial 3. (B) Twenty-four hours later, trace 

and CS rats are brought to a novel environment and exposed to 2 tone presentations. Trace male and female groups 

show slightly higher freezing levels compared to the male and female CS only groups. Abbreviations: granular 

retrosplenial cortex (gRSC); postnatal day (PND); trace interval (TI); conditioned stimulus (CS). 

Following acquisition and retrieval of trace fear memories (Figure 16A; Figure 16B), RSC 

slices were prepared for whole-cell patch-clamp recordings. There were no differences in intrinsic 

excitability of RS neurons in naive (n = 20), trace (n = 24), and CS only (n = 24) early adolescent 

males (Figure 17A; Table 3). Similarly, in females, intrinsic excitability was similar in naive (n = 

26), trace (n = 29), and CS only (n = 22) groups (Figure 17B; Table 3). Three-way repeated 

measures ANOVA showed a significant effect of current (F(18, 2484) = 413.11, p < 0.001), 

suggesting that RS neurons fire more APs in response to increasing current injections to the soma 

(Figure 17A; Figure 17B). There was no significant current by sex interaction (F(18, 2484) = 1.99, p 
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> 0.05), current by behavior interaction (F(36, 2484) = 0.50, p > 0.05) or current by sex by behavior 

interaction (F(36, 2484) = 1.12, p > 0.05; Figure 17A; Figure 17B). Therefore, trace fear does not 

alter excitability of RS neurons in layer 5 of the male or female early adolescent gRSC. 
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Figure 17. Behavioral training does not alter excitability of RS neurons in the early adolescent (PND 25-29) 

gRSC. Representative traces at 300 pA injections. (A) In males, intrinsic excitability of RS neurons in trace rats (dark 

blue circle) does not differ from naive (grey circle) or CS only (light blue circle) rats. (B) In females, excitability of 

RS neurons in trace (red diamond), naive (grey diamond), and CS only (pink diamond) are similar in all three groups.  

Abbreviations: granular retrosplenial cortex (gRSC); postnatal day (PND); trace interval (TI); regular spiking (RS); 

conditioned stimulus (CS). 
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Table 3. Effect of trace fear retrieval and CS exposure in membrane properties of RS neurons in the early 

adolescent (PND 25-29) gRSC. Significantly different from naive male (*, p < 0.05). Significantly different from 

trace female (#, p < 0.05). Abbreviations: regular spiking (RS); postnatal day (PND); action potential (AP); 

afterdepolarization (ADP); fast afterhyperpolarization (fAHP); medium afterhyperpolarization (mAHP); slow 

afterhyperpolarization (sAHP); resting membrane potential (RMP); input resistance (RN); granular retrosplenial cortex 

(gRSC); conditioned stimulus (CS). 

Early adolescent rats went through acquisition (Figure 16A) and retrieval (Figure 16B) of 

trace fear learning. Recordings from layer 5 of the male gRSC demonstrated that retrieval of trace 

fear reduced excitability of RSADP neurons (not significant) in layer 5 of the early adolescent gRSC 

(Figure 18A; Table 4). RSADP neurons from trace rats (n = 2) fired fewer APs compared to naive 

(n = 7) and CS only (n = 3) male rats (Figure 18A; Table 4). However, in females, RSADP neurons 

in naive (n = 7), trace (n = 10), and CS only (n = 9) rats fired a similar number of APs across all 

groups (Figure 18B; Table 4). Three-way repeated measures ANOVA revealed a significant effect 

of current (F(12, 372) = 175.91, p < 0.001), but no signficant current by sex interaction (F(12, 372) = 

1.11, p > 0.05), current by behavior (F(24, 372) = 1.98, p > 0.05), or current by sex by behavior 

interaction (F(24, 372) = 1.00, p > 0.05; Figure 18A; Figure 18B). Taken together, retrieval of trace 

fear memories did not influence RS neurons in the male or female early adolescent gRSC. 

 Male Female 

 Naive Trace CS only Naive Trace CS only 

 n = 20 n = 24 n = 24 n = 26 n = 29 n = 22 

Membrane 

Properties 
  

  
 

 

RMP (mV) -67.1 ± 0.4    -66.4 ± 0.4  -66.0 ± 0.6  -66.3 ± 0.5  -66.3 ± 0.3  -66.1 ± 0.5 

RN (MΩ) 105.3 ± 11.2 110.3 ± 9.2   15.9 ± 9.2   144.5 ± 14.8    143.4 ± 22.1   155.2 ± 19.7 

APthreshold (mV) -36.5 ± 1.0  35.6 ± 0.7  -36.7 ± 1.0  -37.3 ± 0.8  -37.0 ± 0.8  -37.5 ± 0.7 

APamplitude (mV)     70.4 ± 2.3         73.9 ± 1.6   71.9 ± 2.0   74.2 ± 1.1        73.1 ± 1.3       69.4 ± 2.0 

APhalf-width (ms)             1.6 ± 0.1     1.5 ± 0.1     1.5 ± 0.0     1.5 ± 0.0      1.4 ± 0.0     1.6 ± 0.1 

fAHP (mV)   -3.7 ± 0.8      -5.9 ± 0.5*      -6.1 ± 0.7*      -5.6 ± 0.6*    -7.0 ± 0.7      -4.2 ± 0.5# 

mAHP (mV)       -3.9 ± 0.5    -3.6 ± 0.4    -3.5 ± 0.3    -3.5 ± 0.4    -4.0 ± 0.3    -3.4 ± 0.4 

sAHP (mV)   -1.7 ± 0.1    -1.5 ± 0.1    -1.7 ± 0.1    -1.7 ± 0.1    -1.7 ± 0.2    -1.6 ± 0.1 
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However, trace fear reduced excitability of male RSADP neurons but had no effect on female RSADP 

neurons of the early adolescent gRSC. 
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Figure 18. Behavioral training reduces excitability of male RSADP neurons in the early adolescent (PND 25-29) 

gRSC. Representative traces at 300 pA injections. (A) Intrinsic excitability of male RSADP neurons in trace rats (dark 

blue circle) is reduced compared to naive (grey circle) or CS only (light blue circle) rats. (B) In females, excitability 

of RSADP neurons in trace (red diamond), naive (grey diamond), and CS only (pink diamond) are similar in all three 

groups. Abbreviations: granular retrosplenial cortex (gRSC); postnatal day (PND); regular spiking afterdepolarization 

(RSADP); conditioned stimulus (CS). 
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Table 4. Effect of trace fear retrieval and CS exposure in membrane properties of RSADP neurons in the early 

adolescent (PND 25-29) gRSC. Abbreviations: regular spiking afterdepolarization (RSADP); postnatal day (PND); 

action potential (AP); afterdepolarization (ADP); fast afterhyperpolarization (fAHP); medium afterhyperpolarization 

(mAHP); slow afterhyperpolarization (sAHP); resting membrane potential (RMP); input resistance (RN); granular 

retrosplenial cortex (gRSC); conditioned stimulus (CS). 

Sex differences in experience-dependent intrinsic plasticity in the mid-adolescent (PND 42-

49) gRSC 

During mid-adolescence (PND 42-49), RS neurons are in smaller percentages in the male 

and female layer 5 gRSC (~30%; Figure 14; Table 1). Intrinsic excitability of RS neurons did not 

differ between males (n = 10) and females (n =18; Figure 19A; Table 5). Two-way repeated 

measures ANOVA demonstrated a significant effect of current (F(18, 468) = 89.37, p < 0.001), 

indicating that the number of APs increased in response to increasing current injections (Figure 

19A). There was no effect of sex (F(1, 26) = 0.40, p > 0.05) or current by sex interaction (F(18, 468) = 

1.09, p > 0.05; Figure 19A).  

RSADP neurons are the predominant firing type in the mid-adolescent gRSC (~70%; Figure 

14; Table 1). Naive male RSADP neurons (n = 22) had increased excitability compared to those in 

 Male Female 

 Naive Trace CS only Naive Trace CS only 

 n = 7 n = 2 n = 3 n = 7 n = 10 n = 9 

Membrane 

Properties 
  

  
 

 

RMP (mV) -65.3 ± 0.3    -65.6 ± 2.9  -65.3 ± 1.1  -63.0 ± 0.7  -65.5 ± 0.5  -65.5 ± 0.5 

RN (MΩ) 92.4 ± 8.0      89.0 ± 38.0   115.7 ± 41.7   146.4 ± 27.0   102.7 ± 11.6    107.3 ± 13.3 

APthreshold (mV) -40.3 ± 1.1  -35.6 ± 0.9    -40.6 ± 2.4  -37.7 ± 0.7    -38.2 ± 1.0 -39.3 ± 0.4 

APamplitude (mV)     78.3 ± 2.9            68.7 ± 11.1   85.1 ± 2.4   76.8 ± 3.7       76.7 ± 2.9        73.3 ± 3.2 

APhalf-width (ms)             1.3 ± 0.1      1.6 ± 0.6     1.2 ± 0.1     1.4 ± 0.1     1.5 ± 0.1      1.3 ± 0.1 

ADPamplitude (mV)     0.7 ± 0.2     1.1 ± 0.1     0.4 ± 0.1     0.9 ± 0.3     0.7 ± 0.2     0.8 ± 0.2 

fAHP (mV)    -6.0 ± 0.8    -2.4 ± 4.5    -8.9 ± 2.2    -6.3 ± 1.3    -4.7 ± 1.0    -4.5 ± 0.6 

mAHP (mV)        -3.4 ± 0.7    -2.1 ± 2.7    -3.9 ± 1.3    -4.2 ± 0.8    -3.3 ± 0.7    -5.1 ± 0.5 

sAHP (mV)    -1.5 ± 0.2   -1.1 ± 0.2    -1.7 ± 0.2    -1.9 ± 0.2    -1.4 ± 0.3    -1.9 ± 0.1 
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the female gRSC (n = 20; Figure 19B; Table 5). Two-way repeated measures ANOVA indicated 

a significant effect of current (F(18, 720) = 147.06, p < 0.001), current by sex interaction (F(18, 720) = 

4.04, p < 0.05), and a significant effect of sex (F(1, 40) = 5.1, p < 0.05; Figure 19B). Post hoc analysis 

confirmed that at current injections higher than 250 pA, male RSADP neurons fire more APs 

compared to females (p < 0.05; Figure 19B). Thus, similar to the early adolescent gRSC, sex 

differences are noted in intrinsic excitability of RSADP neurons in the mid-adolescent gRSC. 
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Figure 19. Sex differences in intrinsic excitability of RSADP neurons in the mid-adolescent (PND 42-49) gRSC. 

Representative traces at 300 pA injections. (A) RS neurons in the male (grey circle) and female (grey diamond) gRSC 

fire a similar number of APs in response to increasing somatic current injections. (B) At current injections higher than 

250 pA, male RSADP neurons have significantly higher number of APs compared to females. Abbreviations: granular 

retrosplenial cortex (gRSC); postnatal day (PND); regular spiking afterdepolarization (RSADP); action potential (AP). 

(*p < 0.05). 
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Table 5. Sex differences in membrane properties of RS and RSADP neurons in the mid-adolescent (PND 42-49) 

gRSC. Significantly different from RSADP in male or female (*, p < 0.05). Abbreviations: regular spiking (RS); regular 

spiking afterdepolarization (RSADP); postnatal day (PND); action potential (AP); afterdepolarization (ADP); fast 

afterhyperpolarization (fAHP); medium afterhyperpolarization (mAHP); slow afterhyperpolarization (sAHP); resting 

membrane potential (RMP); input resistance (RN). 

 

Male and female mid-adolescent rats were conditioned to associate a tone and a footshock 

(separated by a 30 s trace interval; Figure 20A). Two-way repeated measures ANOVA showed a 

significant main effect of trial (F(6, 114) = 12.76, p < 0.001), behavior (F(1, 19) = 10.84, p < 0.05), and 

a trial by behavior interaction (F(6, 114) = 3.28, p < 0.05; Figure 20A). However, there was no 

significant trial by sex interaction (F(6, 114) = 1.02, p > 0.05) or trial by behavior by sex interaction 

(F(6, 114) = 1.31, p > 0.05; Figure 20A). Post hoc analysis showed that female trace rats (n = 6) had 

higher freezing levels compared to CS only females (n = 4) during trials 5 and 6 and male trace 

rats (n = 6) had higher freezing levels compared to CS only males (n = 7) during trials 2 and 3 (p 

< 0.05; Figure 20A). Following trace fear conditioning, a two-way ANOVA during the tone test 

showed a significant effect of behavior (F(1, 19) = 13.52, p < 0.05), but not a significant effect of 

 RS                               RSADP 

 Male Female Male Female 

 n = 11 n = 18 n = 27 n = 25 

Membrane 

Properties 
  

 
 

RMP (mV)   -67.1 ± 0.3         -66.5 ± 0.5        -66.1 ± 0.5        -66.3 ± 0.4 

RN (MΩ)  194.4 ± 37.5* 193.2 ± 28.1*       126.6 ± 10.6        116.0 ± 9.4 

APthreshold(mV)   -35.9 ± 1.3       -37.6 ± 1.0        -38.1 ± 0.7     -37.4 ± 0.6 

APamplitude(mV)    71.3 ± 2.3     71.1 ± 2.4         75.0 ± 1.6      72.4 ± 1.6 

APhalf-width (ms)    1.3 ± 0.0  1.3 ± 0.1  1.2 ± 0.0    1.2 ± 0.0 

ADPamplitude (mV)        n/a n/a  1.2 ± 0.2    1.5 ± 0.3 

fAHP (mV)   -11.5 ± 1.1         -9.1 ± 0.7 -9.2 ± 0.8  -8.8 ± 0.6 

mAHP (mV)         -3.5 ± 0.4         -3.2 ± 0.4 -3.8 ± 0.4  -3.6 ± 0.4 

sAHP (mV)     -1.8 ± 0.2         -1.6 ± 0.2 -1.6 ± 0.1  -1.6 ± 0.1 
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sex (F(1, 19) = 2.29, p > 0.05) or behavior by sex interaction (F(1, 19) = 0.56, p > 0.05; Figure 20B). 

Post hoc analysis confirmed that trace male rats had significantly higher freezing compared to CS 

only males (p < 0.05; Figure 20B). Similarly, trace females had higher freezing than CS only 

females (p < 0.05), suggesting that both male and female mid-adolescent rats had successful 

retrieval of trace fear memories (Figure 20B). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 20. Acquisition and retrieval of trace fear in male and female mid-adolescent (PND 42-49) rats. (A) Male 

and female trace rats receive 6 tone-shock pairings that are separated by a 30 s interval. CS only rats receive 6 tone 

presentations and no footshocks. (B) Twenty-four hours later, trace and CS rats are brought to a novel environment 

and exposed to 2 tone presentations. Trace males have significantly higher freezing compared to CS only males and 

trace females have significantly higher freezing levels compared to CS only females. (*p < 0.05). Abbreviations: 

granular retrosplenial cortex (gRSC); postnatal day (PND); trace interval (TI); conditioned stimulus (CS). 

Following acquisition and retrieval of trace fear memories (Figure 20A; Figure 20B), RSC 

slices were prepared for recordings. We observed no differences in intrinsic excitability of RS 

neurons in naive (n = 10), trace (n = 5), and CS only (n = 18) mid-adolescent males (Figure 21A; 

Table 6). Similarly, in females, intrinsic excitability was similar in naive (n = 18), trace (n = 6), 

and CS only (n = 6) groups (Figure 21B; Table 6). Three-way repeated measures ANOVA showed 

a significant effect of current (F(12, 708) = 161.55, p < 0.001), suggesting that RS neurons fire more 

APs in response to increasing current injections to the soma (Figure 21A; Figure 21B). There was 

no significant current by sex interaction (F(12, 708) = 0.27, p > 0.05), current by behavior interaction 

(F(24, 708) = 0.39, p > 0.05) or current by sex by behavior interaction (F(24, 708) = 0.99, p > 0.05; 
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Figure 21A; Figure 21B). Therefore, trace fear does not alter excitability of RS neurons in layer 5 

of the male or female mid-adolescent rat gRSC. 
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Figure 21. Retrieval of trace fear does not influence excitability of RS neurons in the mid-adolescent (PND 42-

49) gRSC. Representative traces at 300 pA injections. (A) In males, intrinsic excitability of RS neurons in trace rats 

(dark blue circle) does not differ from naive (grey circle) or CS only (light blue circle) rats. (B) In females, excitability 

of RS neurons in trace (red diamond), naive (grey diamond), and CS only (pink diamond) does not differ across all 

three behavioral groups. Abbreviations: granular retrosplenial cortex (gRSC); postnatal day (PND); regular spiking 

(RS); conditioned stimulus (CS). 

  

Table 6. Effect of trace fear retrieval and CS exposure in membrane properties of RS neurons in the mid-

adolescent (PND 42-49) gRSC. Significantly different from trace male (*, p < 0.05). Abbreviations: regular spiking 

(RS); regular spiking; postnatal day (PND); action potential (AP); afterdepolarization (ADP); fast 

afterhyperpolarization (fAHP); medium afterhyperpolarization (mAHP); slow afterhyperpolarization (sAHP); resting 

membrane potential (RMP); input resistance (RN); granular retrosplenial cortex (gRSC); conditioned stimulus (CS). 

Following acquisition (Figure 20A) and retrieval (Figure 20B) of trace fear, RSC slices 

from male and female mid-adolescent rats were prepared. Retrieval of trace fear reduced 

excitability of RSADP neurons in layer 5 of the mid-adolescent gRSC (Figure 22A; Table 7). In 

response to current injections, RSADP neurons from trace (n = 20) and CS only (n = 23) male rats 

fired significantly fewer APs compared to naive (n = 22) rats (Figure 22A; Table 7). However, in 

females, intrinsic excitability of RSADP neurons from naive (n = 20), trace (n = 20), and CS only 

(n = 15) rats were similar across all three groups (Figure 22B; Table 7). Three-way repeated 

measures ANOVA revealed a significant main effect of current (F(18, 2052) = 738.09, p < 0.001), 

sex (F(1, 114) = 3.80, p = 0.054), and behavior (F(2, 114) = 3.12, p < 0.05; Figure 22A; Figure 22B). 

 Male Female 

 Naive Trace CS only Naive Trace CS only 

 n = 11 n = 5 n = 18 n = 18 n = 6 n = 8 

Membrane 

Properties 
  

  
 

 

RMP (mV)  -67.2 ± 0.3    -64.5 ± 0.7  -65.7 ± 0.4  -66.5 ± 0.5  - 67.63 ± 4.5  -66.2 ± 0.8 

RN (MΩ)  194.4 ± 37.5    202.0 ± 83.5   179.5 ± 18.5   193.2 ± 28.1    147.2 ± 23.5    134.8 ± 21.8 

APthreshold (mV)  -35.9 ± 1.3    -39.3 ± 2.1    -39.2 ± 1.1  -37.6 ± 1.0 -37.8 ± 2.6 -36.3 ± 1.3 

APamplitude (mV)      71.3 ± 2.3         78.2 ± 4.0     68.3 ± 2.4*   71.1 ± 2.4        66.3 ± 4.9        64.5 ± 3.0 

APhalf-width (ms)              1.3 ± 0.0     1.3 ± 0.1     1.3 ± 0.1     1.3 ± 0.1      1.3 ± 0.1        1.4 ± 0.1 

fAHP (mV)  -11.5 ± 1.1    -8.9 ± 1.2    -8.4 ± 0.9    -9.1 ± 0.7    -8.0 ± 0.8    -8.6 ± 1.3 

mAHP (mV)        -3.5 ± 0.4    -4.6 ± 0.4    -3.8 ± 0.3    -3.2 ± 0.3    -3.7 ± 0.5    -3.8 ± 0.2 

sAHP (mV)    -1.8 ± 0.2    -3.9 ± 2.0    -1.8 ± 0.2    -1.6 ± 0.2    -1.6 ± 0.2    -1.5 ± 0.2 
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There was also a significant sex by behavior interaction (F(2, 114) = 3.18, p < 0.05), current by sex 

interaction (F(18, 2052) = 3.64, p < 0.05), and a current by sex by behavior interaction (F(36, 2052) = 

2.28, p < 0.05; Figure 22A; Figure 22B). Post hoc analysis revealed that male RSADP neurons in 

trace rats fired a reduced number of APs compared to naive rats between current injections 150-

450 pA (p < 0.05; Figure 22A). RSADP neurons in the male gRSC of CS only rats fired fewer APs 

compared to naive rats between current injections 125-450 pA (p < 0.05; Figure 22A). Overall, 

retrieval of trace fear memories does not alter excitability in the female mid-adolescent gRSC but 

substantially decreases excitability of RSADP neurons in trace and CS only males. 
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Figure 22. Retrieval of trace fear and CS exposure reduces excitability of male RSADP neurons in the mid-

adolescent (PND 42-49) gRSC. Representative traces at 300 pA injections. (A) Retrieval of trace fear memories (dark 

blue circle) or CS alone (light blue circle) reduces intrinsic excitability of male RSADP neurons compared to those in  

naive (grey circle) rats. (B) Excitability of female RSADP neurons in trace (red diamond), naive (grey diamond), and 

CS only (pink diamond) are similar in all three groups.  Abbreviations: granular retrosplenial cortex (gRSC); postnatal 

day (PND); regular spiking afterdepolarization (RSADP); conditioned stimulus (CS). (*p < 0.05). 
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We further examined the underlying mechanisms that may contribute to the experience-

dependent changes in male mid-adolescent RSADP neurons by measuring basic membrane 

properties as well as the postburst AHP between the different behavioral groups (Table 7). 

Retrieval of trace fear memories or exposure to tone presentations modulated the mAHP in both 

male and female RSADP neurons. Two-way ANOVA revealed a significant effect of behavior (F(2, 

114) = 3.28, p < 0.05; Figure 23; Table 7). Post hoc analysis confirmed that trace fear learning 

significantly enhanced the mAHP in male RSADP neurons compared to the naive group (p < 0.05; 

Figure 23; Table 7). Interestingly, exposure to tone presentations (CS only group) significantly 

enhanced the mAHP in female RSADP neurons compared to naives (p < 0.05; Figure 23). Thus, in 

addition to trace fear learning, novel stimuli can alter mAHP of RSADP neurons in the mid-

adolescent gRSC. 

Table 7. Effect of trace fear retrieval and CS exposure in membrane properties of RSADP in the mid-adolescent 

(PND 42-49) gRSC. Significantly different from naive male (*, p < 0.05). Significantly different from naive female 

(#, p < 0.05).  Abbreviations: regular spiking afterdepolarization (RSADP); postnatal day (PND); action potential (AP); 

afterdepolarization (ADP); fast afterhyperpolarization (fAHP); medium afterhyperpolarization (mAHP); slow 

 Male Female 

 Naive Trace CS only Naive Trace CS only 

 n = 27 n = 20 n = 23 n = 25 n = 20 n = 15 

Membrane 

Properties 
  

  
 

 

RMP (mV)   -66.1 ± 0.5    -66.0 ± 0.4     -65.8 ± 0.4  -66.3 ± 0.4  -66.8 ± 0.4     -66.5 ± 0.7 

RN (MΩ) 126.6 ± 8.0   90.6 ± 9.5   116.5 ± 15.4 116.0 ± 9.4    127.2 ± 15.7      96.3 ± 9.0 

APthreshold (mV)   -38.1 ± 0.7    -39.0 ± 0.7    -37.7 ± 0.6  -37.4 ± 0.6    -37.7 ± 0.8    -37.7 ± 0.8 

APamplitude (mV)    75.0 ± 1.6         75.7 ± 1.5   72.9 ± 1.3   72.3 ± 1.6        73.9 ± 1.6   73.0 ± 2.3 

APhalf-width (ms)            1.2 ± 0.0     1.1 ± 0.0     1.1 ± 0.0     1.2 ± 0.0      1.2 ± 0.1 1.2 ± 0.0 

ADPamplitude (mV)   1.2 ± 0.2     1.9 ± 0.3     1.6 ± 0.3     1.5 ± 0.3     1.2 ± 0.3 1.5 ± 0.3 

fAHP (mV)  -9.2 ± 0.8    -9.6 ± 0.7    -9.6 ± 0.4    -8.8 ± 0.6    -9.7 ± 0.8      -8.7 ± 0.7 

mAHP (mV)      -3.8 ± 0.3      -4.7 ± 0.3*    -4.2 ± 0.3    -3.6 ± 0.4    -4.0 ± 0.3  -4.9 ± 0.4# 

sAHP (mV)  -1.6 ± 0.1    -1.6 ± 0.1    -1.7 ± 0.1    -1.6 ± 0.1    -1.7 ± 0.1      -1.9 ± 0.1 



80 

 

afterhyperpolarization (sAHP); resting membrane potential (RMP); input resistance (RN); granular retrosplenial cortex 

(gRSC); conditioned stimulus (CS). 

Figure 23. Retrieval of trace fear and CS exposure influence mAHP of RSADP neurons in the male and female 

mid-adolescent (PND 42-49) gRSC. (Left) Representative traces showing mAHP from RSADP neurons. (Right) Bar 

graphs representing mAHP of male RSADP  neurons, which is enhanced following retrieval of trace fear memories 

(dark blue) compared to the naive homecage group (grey). mAHP of female RSADP neurons is increased in the group 

that only received tone presentations and no footshocks (pink) compared to the naive homecage group (grey). 

Abbreviations: postnatal day (PND); regular spiking afterdepolarization (RSADP); conditioned stimulus (CS); medium 

afterhyperpolarization (mAHP). (*p < 0.05). 

 

Sex differences in experience-dependent intrinsic plasticity in the adult (PND > 60) gRSC 

In the adult (PND > 60) gRSC, RS neurons are present in much smaller percentages in the 

male and female layer 5 gRSC compared to the mid-adolescent gRSC (~10%; Figure 14; Table 

1). Intrinsic excitability of RS neurons did not differ between males (n = 9) and females (n =9; 

Figure 24A; Table 8). Two-way repeated measures ANOVA demonstrated a significant effect of 

current (F(12, 192) = 42.78, p < 0.001), indicating that the number of APs increased in response to 

increasing current injections (Figure 24A). There was no effect of sex (F(1, 16) = 1.60, p > 0.05) or 

current by sex interaction (F(12, 192) = 1.91, p > 0.05; Figure 24A).  
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RSADP neurons are the predominant firing type in the adult gRSC (~70%; Figure 14; Table 

1). Naive male RSADP neurons (n = 33) had increased excitability compared to those in the female 

gRSC (n = 30; Figure 24B; Table 8). Two-way repeated measures ANOVA indicated a significant 

effect of current (F(18, 1098) = 473.06, p < 0.001) and a significant effect of sex (F(1, 61) = 4.48, p < 

0.05) but not a significant current by sex interaction (F(18, 1098) = 1.46, p > 0.05; Figure 24B). Post 

hoc analysis confirmed that at current injections higher than 350 pA, male RSADP neurons fire 

more APs compared to females (p < 0.05; Figure 24B). Thus, similar to the early- and mid-

adolescent gRSC, sex differences are noted in intrinsic excitability of RSADP neurons in the adult 

gRSC. 

In layer 5 of the adult gRSC, we observed that ~10% of the neuronal population were BS 

cells (Figure 14; Table 1). At higher current injections, female BS neurons (n = 8) fired more APs 

than males (n = 6; Figure 24C; Table 8). Two-way repeated measures ANOVA demonstrated a 

significant effect of current (F(12, 144) = 132.92, p < 0.001), and a significant current by sex 

interaction (F(12, 144) = 3.37, p < 0.05) but not a significant effect of sex (F(1, 12) = 1.81, p > 0.05; 

Figure 24C). Post hoc analysis confirmed that at 300 pA, female BS neurons fired more APs 

compared to males (p < 0.05; Figure 24C). Together, sex differences in intrinsic excitability of 

layer 5 adult gRSC neurons occur in a cell type-specific manner. 
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Figure 24. Sex differences in intrinsic excitability of RSADP and BS neurons in the adult (PND > 60) gRSC. 

Representative traces at 300 pA injections. (A) RS neurons in the male (grey circle) and female (grey diamond) gRSC 

fire a similar number of APs in response to increasing somatic current injections. (B) At current injections higher than 

250 pA, male RSADP neurons fire more APs compared to females. (C) At 300 pA, female BS neurons fire more APs 

compared to males. Abbreviations: granular retrosplenial cortex (gRSC); postnatal day (PND); regular spiking (RS), 

regular spiking afterdepolarization (RSADP); burst spiking (BS); action potential (AP). (*p < 0.05). 
 

Table 8. Sex differences in membrane properties of RS, RSADP, and BS neurons in the adult (PND > 60) gRSC. 

Significantly different from RSADP male (*, p < 0.05). Significantly different from BS male (†, p < 0.05). Significantly 

different from BS female (#, p < 0.05). Abbreviations: regular spiking (RS); regular spiking afterdepolarization 

(RSADP); burst firing (BS); postnatal day (PND); action potential (AP); afterdepolarization (ADP); fast 

afterhyperpolarization (fAHP); medium afterhyperpolarization (mAHP); slow afterhyperpolarization (sAHP); resting 

membrane potential (RMP); input resistance (RN). 

Adult male and female rats were conditioned with 6 tone-shock pairings separated by a 

trace interval. Two-way repeated measures ANOVA revealed a significant main effect of trial (F(6, 

156) = 12.49, p < 0.001), behavior (F(1, 26) = 15.81, p < 0.05), trial by behavior interaction (F(6, 156) 

= 3.59, p < 0.05), and trial by sex interaction (F(6, 156) = 2.16, p < 0.05; Figure 25A). However, 

there was no significant trial by behavior by sex interaction (F(6, 156) = 0.03, p > 0.05; Figure 25A). 

Post hoc analysis confirmed that female trace rats (n = 7) froze significantly more than CS only 

females (n = 5) during trial 4, whereas male trace rats (n = 10) froze more than CS only males (n 

 RS RSADP BS 

 Male Female Male Female Male Female 

 n = 9 n = 10 n = 39 n = 35 n = 6 n = 8 

Membrane 

Properties 
  

 
 

  

RMP (mV)   -66.0 ± 1.3      -66.4 ± 0.5  -66.3 ± 0.4   -65.6 ± 0.3  -66.4 ± 0.8  -66.0 ± 1.0 

RN (MΩ)  212.3 ± 52.9*   284.3 ± 50.8#   141.6 ± 10.9   133.1 ± 9.9#  184.5 ± 14.9  135.3 ± 17.0 

APthreshold (mV)   -38.5 ± 1.4    -39.7 ± 2.1    -39.1 ± 0.6   -37.8 ± 0.9  -38.3 ± 1.2  -39.4 ± 1.0 

APamplitude(mV)    72.4 ± 4.1    67.2 ± 1.2  72.6 ± 1.8      71.2 ± 1.4   67.9 ± 6.9   77.3 ± 3.1 

APhalf-width (ms)             1.2 ± 0.1† 1.2 ± 0.1       1.0 ± 0.0†       1.1 ± 0.1      1.6 ± 0.2*      1.2 ± 0.1† 

ADPamplitude (mV)              n/a       1.7 ± 0.2   n/a       1.4 ± 0.2          n/a          n/a 

fAHP (mV)   -10.8 ± 1.6†      -9.1 ± 0.8    -10.2 ± 1.0†   -10.4 ± 0.8#    -2.8 ± 1.4    -5.2 ± 0.8 

mAHP (mV)         -2.4 ± 0.6*      -2.6 ± 0.8   -3.9 ± 0.3  -3.9 ± 0.3    -1.1 ± 1.2#*    -3.3 ± 0.8 

sAHP (mV)     -1.6 ± 0.4      -1.5 ± 0.4   -1.7 ± 0.2  -1.5 ± 0.2    -1.2 ± 0.4    -1.7 ± 0.3 
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= 8) during trials 2, 3, 4, and 5 (p < 0.05; Figure 25A). During retrieval, a two-way ANOVA 

showed a significant effect of behavior (F(1, 26) = 19.69, p < 0.001), but not an effect of sex (F(1, 26) 

= 1.29, p > 0.05) or behavior by sex interaction (F(1, 26) = 0.09, p > 0.05; Figure 23B). Post hoc 

analysis confirmed that during a retrieval test, trace males and females froze more than their CS 

only counterparts (p < 0.05; Figure 25B), suggesting successful retrieval in adult trace rats.  

Figure 25. Acquisition and retrieval of trace fear in male and female adult (PND > 60) rats. (A) Male and female 

trace rats receive 6 tone-shock pairings that are separated by a 30 s interval. CS only rats receive 6 tone presentations 

and no footshocks. (B) Twenty-four hours later, trace and CS rats are brought to a novel environment and exposed to 

2 tone presentations. Trace males freeze more than CS only males and trace females freeze more than CS only females. 
Abbreviations: granular retrosplenial cortex (gRSC); postnatal day (PND); trace interval (TI); conditioned stimulus 

(CS). (*p < 0.05). 
 

Immediately after trace fear retrieval (Figure 25B), RSC slices were prepared for whole-

cell patch-clamp recordings. We observed no differences in intrinsic excitability of RS neurons in 

naive (n = 9), trace (n = 8), and CS only (n = 6) adult males (Figure 26A; Table 9). Similarly, in 

females, intrinsic excitability was similar in naive (n = 10), trace (n = 2), and CS only (n = 5) 

groups (Figure 26B; Table 9). Three-way repeated measures ANOVA showed a significant effect 

of current (F(12, 384) = 72.28, p < 0.001), suggesting that RS neurons fire more APs in response to 

increasing current injections to the soma (Figure 26A; Figure 26B). There was no significant 

current by sex interaction (F(12, 384) = 0.98, p > 0.05), current by behavior interaction (F(24, 384) = 
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0.20, p > 0.05) or current by sex by behavior interaction (F(24, 384) = 0.66, p > 0.05; Figure 26A; 

Figure 26B). Therefore, trace fear does not influence RS neuronal excitability in layer 5 of the 

male or female adult rat gRSC. 
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Figure 26. Retrieval of trace fear does not influence excitability of RS neurons in the adult (PND > 60) gRSC. 

Representative traces at 300 pA injections. (A) In males, intrinsic excitability of RS neurons in trace rats (dark blue 

circle) does not differ from naive (grey circle) or CS only (light blue circle) rats. (B) In females, excitability of RS 

neurons in trace (red diamond), naive (grey diamond), and CS only (pink diamond) does not differ across all three 

behavioral groups. Abbreviations: granular retrosplenial cortex (gRSC); postnatal day (PND); trace interval (TI); 

regular spiking (RS); conditioned stimulus (CS). (*p < 0.05). 
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Table 9. Effect of trace fear retrieval and CS exposure in membrane properties of RS neurons in the adult 

(PND > 60) gRSC. Significantly different trace female (*, p < 0.05). Abbreviations: regular spiking (RS); postnatal 

day (PND); action potential (AP); afterdepolarization (ADP); fast afterhyperpolarization (fAHP); medium 

afterhyperpolarization (mAHP); slow afterhyperpolarization (sAHP); resting membrane potential (RMP); input 

resistance (RN); granular retrosplenial cortex (gRSC); conditioned stimulus (CS). 

 

Following acquisition (Figure 25A) and retrieval (Figure 25B) of trace fear learning, RSC 

slices from adult (PND > 60) rats were prepared. Exposure to the CS or trace fear learning reduced 

excitability of RSADP neurons in layer 5 of the adult gRSC (Figure 27A; Table 10). In response to 

current injections, RSADP neurons from trace (n = 26) and CS only (n = 12) male rats fired 

significantly fewer APs compared to naive (n = 33) rats (Figure 27A; Table 10). In females, at 

higher current injections, intrinsic excitability of RSADP neurons from trace (n = 30), and CS only 

(n = 16) rats was also reduced compared to naive (n = 30; Figure 27B; Table 10) rats. Three-way 

repeated measures ANOVA revealed a significant main effect of current (F(18, 2502) = 887.81, p < 

0.001), behavior (F(2, 139) = 5.23, p < 0.05), current by sex interaction (F(18, 2502) = 3.55, p < 0.05), 

current by behavior interaction (F(36, 2502) = 3.43, p < 0.05) but not a significant current by sex by 

behavior interaction (F(36, 2502) = 1.09, p > 0.05; Figure 27A; Figure 27B). Post hoc analysis 

 Male Female 

 Naive Trace CS only Naive Trace CS only 

 n = 9 n = 8 n = 6 n = 10 n = 2 n = 5 

Membrane 

Properties 
  

  
 

 

RMP (mV) -66.0 ± 1.3    -67.0 ± 0.6  -67.1 ± 0.8  -66.4 ± 0.5  -65.5 ± 3.0    -65.8 ± 1.6 

RN (MΩ) 212.3 ± 52.9   285.3 ± 60.5   259.7 ± 62.7   284.3 ± 50.8   164.0 ± 21.0     185.6 ± 39.7 

APthreshold (mV) -38.5 ± 1.4    -39.3 ± 1.7    -39.7 ± 1.6  -39.7 ± 2.1    -42.0 ± 3.0   -39.0 ± 2.6 

APamplitude (mV)     72.4 ± 4.1         69.7 ± 1.6   70.3 ± 3.0   67.2 ± 1.2       66.3 ± 1.2         69.2 ± 3.6 

APhalf-width (ms)             1.2 ± 0.1     1.3 ± 0.1     1.3 ± 0.1     1.2 ± 0.1     1.3 ± 0.2       1.2 ± 0.1 

fAHP (mV)    -10.8 ± 1.6    -10.4 ± 1.3    -11.7 ± 1.2      -9.1 ± 0.8*    -6.0 ± 1.6        -9.7 ± 2.9* 

mAHP (mV)       -2.4 ± 0.6    -3.5 ± 0.5   -3.1 ± 0.5    -2.7 ± 0.8    -3.7 ± 1.0      -2.9 ± 0.5 

sAHP (mV)   -1.6 ± 0.4    -1.7 ± 0.2    -1.8 ± 0.3    -1.5 ± 0.4    -1.8 ± 0.9      -1.4 ± 0.3 
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revealed that male RSADP neurons from trace and CS only rats had significantly reduced 

excitability compared to naive rats between 50-450 pA (p < 0.05; Figure 27A). Female RSADP 

neurons from trace rats had reduced excitability compared to CS only and naive rats at higher 

current injections of 375-450 pA (p < 0.05; Figure 27B). Overall, retrieval of trace memories or 

novel environment alters excitability of male RSADP neurons at lower current injections, whereas 

higher current injections are required to reduce excitability in female RSADP neurons from trace 

rats.   
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Figure 27. Behavioral training reduces excitability of male and female RSADP neurons in the adult (PND > 60) 

gRSC. Representative traces at 450 pA injections. (A) In males, retrieval of trace fear memories (dark blue) or 

exposure to the CS (light blue) reduces intrinsic excitability of RSADP neurons compared to those from the naive group 

(grey circle). (B) Excitability of female RSADP neurons from trace rats (red diamond) is reduced compared to RSADP 

neurons from naive (grey diamond), or CS only (pink diamond) rats. Abbreviations: granular retrosplenial cortex 

(gRSC); postnatal day (PND); regular spiking afterdepolarization (RSADP); conditioned stimulus (CS). (*p < 0.05). 
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By measuring basic membrane properties in the various behavioral groups, we identified 

underlying mechanisms that contribute to experience-related changes that occur in RSADP 

neurons in the male and female adult gRSC. Trace fear learning significantly enhances AP 

amplitude in both male and female RSADP neurons (Figure 28; Table 10). Two-way ANOVA 

revealed a significant effect of behavior (F(2, 153) = 5.00, p < 0.05; Figure 28; Table 10). Post hoc 

analysis confirmed that AP amplitude of trace males and females were significantly higher 

compared to naive males and females respectively (p < 0.05; Figure 28). 

Table 10. Effect of trace fear retrieval and CS exposure in membrane properties of RSADP neurons in the 

adult (PND > 60) gRSC. Significantly different from naive male (*, p < 0.05). Significantly different from naive 

female (#, p < 0.05).  Abbreviations: regular spiking afterdepolarization (RSADP); postnatal day (PND); action 

potential (AP); afterdepolarization (ADP); fast afterhyperpolarization (fAHP); medium afterhyperpolarization 

(mAHP); slow afterhyperpolarization (sAHP); resting membrane potential (RMP); input resistance (RN); granular 

retrosplenial cortex (gRSC); conditioned stimulus (CS). 

 Male Female 

 Naive Trace CS only Naive Trace CS only 

 n = 39 n = 26 n = 12 n = 35 n = 30 n = 16 

Membrane 

Properties 
  

  
 

 

RMP (mV)     -66.3 ± 0.4    -66.0 ± 0.4  -66.2 ± 0.5  -65.6 ± 0.3  -66.3 ± 0.4  -65.6 ± 0.7 

RN (MΩ)   141.6 ± 10.9    111.7 ± 7.4     99.5 ± 11.8 133.1 ± 9.9   126.5 ± 13.1   122.9 ± 20.9 

APthreshold (mV)     -39.1 ± 0.6    -37.2 ± 0.7    -38.2 ± 1.2  -37.8 ± 0.8    -38.3 ± 0.6    -38.8 ± 0.8 

APamplitude (mV)    72.6 ± 1.8           77.3 ± 1.6*   71.2 ± 2.9   71.2 ± 1.4         76.3 ± 1.5#        74.6 ± 1.8 

APhalf-width (ms)            1.0 ± 0.0       1.1 ± 0.03     1.1 ± 0.0     1.1 ± 0.1     1.1 ± 0.0     1.0 ± 0.0 

ADPamplitude (mV)   1.7 ± 0.2     2.1 ± 0.3     2.3 ± 0.2     1.4 ± 0.2     1.5 ± 0.3     1.6 ± 0.3 

fAHP (mV)     -10.2 ± 0.9  -10.9 ± 0.6    -11.1 ± 0.7  -10.4 ± 0.6    -9.9 ± 0.6  -10.0 ± 0.7 

mAHP (mV)      -3.9 ± 0.3    -4.4 ± 0.3    -4.6 ± 0.4    -3.9 ± 0.3    -4.4 ± 0.3    -4.0 ± 0.3 

sAHP (mV)  -1.7 ± 0.1   -2.0 ± 0.3  -1.5 ± 0.1     -1.5 ± 0.2   -1.8 ± 0.1     -1.5 ± 1.0 
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Figure 28. Retrieval of trace fear enhances AP amplitude in RSADP neurons of the adult (PND > 60) male and 

female gRSC. (Left) Representative traces show AP amplitude of male and female RSADP neurons. (Right) Bar graphs 

represent AP amplitude, which is increased in male RSADP neurons of trace (dark blue) compared to naive (grey) or 

CS only (light blue) groups. AP amplitude of female RSADP neurons is increased in trace (red) compared to naive 

(grey) or CS only (pink) groups. Abbreviations: regular spiking afterdepolarization (RSADP); postnatal day (PND); 

action potential (AP); granular retrosplenial cortex (gRSC); conditioned stimulus (CS); action potential (AP). (*p < 

0.05). 
 

We investigated whether retrieval of trace fear memories (Figure 25A; Figure 25B) 

influences adult BS neurons in layer 5 of the adult gRSC. BS neurons from male naive (n = 6), 

trace (n = 4), and CS only (n = 4) had similar number of APs in response to increasing current 

injections (Figure 29A; Table 11). Likewise, female BS neurons from naive (n = 8), trace (n = 9), 

and CS only (n = 5) groups fired a similar number of APs (Figure 29B). Three-way repeated 

measures ANOVA showed a significant effect of current (F(10, 300) = 246.00, p < 0.05) but not a 

significant current by behavior interaction (F(20, 300) = 0.37, p > 0.05) or current by sex by behavior 

interaction (F(20, 300) = 1.80, p > 0.05; Figure 29A; Figure 29B). Thus, adult BS neurons are 

unaffected by trace fear memories. 
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Figure 29. Retrieval of trace fear does not alter excitability of BS neurons in the adult (PND > 60) gRSC. 

Representative traces at 250 pA injections. (A) Excitability of male BS neurons in trace (dark blue circle), CS only 

(light blue circle), and naive (grey circle) rats are similar in all three groups. (B) Excitability of female BS neurons in 

trace (red diamond), naive (grey diamond), and CS only (pink diamond) are similar in all three groups.  Abbreviations: 

granular retrosplenial cortex (gRSC); postnatal day (PND); burst spiking (BS); conditioned stimulus (CS). (*p < 0.05). 
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Table 11. Effect of trace fear retrieval and CS exposure in membrane properties of BS neurons in the adult 

(PND > 60) gRSC. Significantly different trace female (*, p < 0.05). Abbreviations: burst spiking (BS); postnatal 

day (PND); action potential (AP); afterdepolarization (ADP); fast afterhyperpolarization (fAHP); medium 

afterhyperpolarization (mAHP); slow afterhyperpolarization (sAHP); resting membrane potential (RMP); input 

resistance (RN); granular retrosplenial cortex (gRSC); conditioned stimulus (CS). 

Summary of sex-and age-differences on experience-dependent intrinsic excitability of RS 

and RSADP neurons of the gRSC  

To capture a snapshot on how sex and age play a role in experience-dependent changes of 

different neuronal cell types, we measured number of APs at 300 pA. We chose this current 

injection as among most of the behavioral groups, firing plateaus at this point and neurons continue 

to fire at a more constant rate. We observed sex differences in RS neurons emerge in adulthood 

(Figure 30A). Two-way ANOVA revealed a significant effect of sex (F(1, 86) = 6.65, p < 0.05), age 

(F(2, 86) = 9.20, p < 0.001), and sex by age interaction (F(2, 86) = 4.96, p < 0.05; Figure 30A). Post 

hoc analysis confirmed that the number of spikes in female RS neurons increases progressively 

from early adolescence to adulthood (p < 0.05; Figure 30A). Further, sex differences in RS neurons 

 Male Female 

 Naive Trace CS only Naive Trace CS only 

 n = 6 n = 4 n = 4 n = 8 n = 9 n = 5 

Membrane 

Properties 
  

  
 

 

RMP (mV) -66.4 ± 0.8    -68.0 ± 0.7  -64.8 ± 0.8  -66.0 ± 1.0  -65.3 ± 0.6  -65.4 ± 0.7 

RN (MΩ)    184.5 ± 14.8   156.3 ± 23.1   167.5 ± 24.2   135.3 ± 17.0  1 65.1 ± 24.9   148.6 ± 22.7 

APthreshold (mV) -38.3 ± 1.3    -39.2 ± 1.7    -37.1 ± 1.4  -39.4 ± 1.0    -36.2 ± 1.4    -37.0 ± 0.7 

APamplitude (mV)     67.9 ± 6.9         74.3 ± 4.1   74.0 ± 5.0   77.3 ± 3.1       75.9 ± 3.5       67.2 ± 2.0 

APhalf-width (ms)              1.6 ± 0.2     1.3 ± 0.1     1.5 ± 0.1     1.2 ± 0.1     1.3 ± 0.1      1.4 ± 0.1 

fAHP (mV)        -2.8 ± 1.4      -5.6 ± 0.8      -5.7 ± 0.9    -5.3 ± 0.8    -4.8 ± 0.9    -4.9 ± 0.9 

mAHP (mV)       -1.1 ± 1.2    -2.4 ± 0.7    -1.0 ± 0.7    -3.3 ± 0.8    -2.2 ± 0.9    -2.8 ± 0.5 

sAHP (mV)   -1.2 ± 0.4    -1.6 ± 0.1    -1.3 ± 0.3    -1.7 ± 0.3    -1.6 ± 0.1    -1.7 ± 0.2 
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emerge in adulthood where female RS neurons have an increased number of APs compared to 

male RS neurons (p < 0.05; Figure 30A).  

Next, we summarized how learning influences excitability of RS neurons as a function of 

sex and age (Figure 30B; Figure 30C). Three-way ANOVA demonstrated a significant effect of 

age (F(2, 230) = 12.41, p < 0.001), but not a significant effect of sex (F(1, 230) = 1.44, p > 0.05), or 

behavior (F(2, 230) = 0.25, p > 0.05) or sex by behavior by age interaction (F(4, 230) = 2.00, p > 0.05). 

Post hoc analysis confirmed that learning or novel environments do not change male RS neuronal 

excitability at any age (p > 0.05; Figure 30B). However, in adult females, naive RS neurons have 

significantly enhanced excitability compared to those from trace or CS only groups (p < 0.05; 

Figure 30C). Thus, sex differences in RS neurons emerge in adulthood and learning or novel 

stimuli only reduces excitability in adult female RS neurons of the gRSC.  
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Figure 30. Summary of male and female RS neuronal excitability following retrieval in three different age 

groups. Bar graphs representing excitability of RS neurons in the gRSC at 300 pA current injections. (A) Sex 

differences in excitability of naive RS neurons emerge in adulthood. Adult female RS neurons have increased 

excitability compared to adult males. Excitability of female RS neurons increases from early adolescence to adulthood. 

(B) In males, trace fear memories do not alter excitability of RS neurons at any age. (C) In females, retrieval of trace 

fear memories or CS presentations alone reduces excitability of RS neurons only in adulthood. Abbreviations: granular 

retrosplenial cortex (gRSC); regular spiking (RS); conditioned stimulus (CS). (*p < 0.05; **p < 0.01). 

At 450 pA current injection, sex differences favoring males in excitability of RSADP 

neurons are present during early adolescence and are continued into adulthood (Figure 31A). We 

chose this current injection as it highlights sex differences and experience-dependent changes at 

higher current injections. Two-way ANOVA revealed a significant effect of sex (F(1, 112) = 13.98, 

p < 0.001), age (F(2, 112) = 4.45, p < 0.05), but not a significant sex by age interaction (F(2, 112) = 

0.34, p > 0.05; Figure 31A). Post hoc analysis showed that the number of APs in early adolescent 

male RSADP neurons was higher (p = 0.06) compared to females, and significantly higher in male 
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mid-adolescents and adults than females (p < 0.05; Figure 31A). Female adult RSADP neurons fired 

more APs compared to female early adolescent (p = 0.07) and mid-adolescent neurons (p < 0.05; 

Figure 31A). 

Sex differences in learning-induced changes in RSADP neurons were observed as a three-

way ANOVA revealed a significant effect of sex (F(1, 284) = 5.39, p < 0.05), age (F(2, 284) = 5.35, p 

< 0.01), behavior (F(2, 284) = 5.35, p < 0.001), sex by behavior (F(2, 284) = 6.28, p < 0.01), but not a 

significant effect sex by age by behavior interaction (F(4, 284) = 1.25, p > 0.05; Figure 31B; Figure 

31C). Post hoc analysis confirmed that trace learning decreased excitability of RSADP neurons in 

early- and mid-adolescent, and adult males (p < 0.05), and exposure to CS reduced exitability in 

mid-adolescent and adult males (p < 0.05; Figure 31B). In females, trace fear only reduced 

excitability of RSADP neurons in adults (p < 0.05; Figure 31C). Together, these data summarize 

that sex differences favoring females in RS neurons emerge in adulthood and learning only 

influences excitability of this firing type in female adults. Sex differences in RSADP neurons exist 

in all three ages and learning alters excitability of these neurons in males of all age groups but only 

in adult females. 
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Figure 31. Summary of male and female RSADP neuronal excitability following retrieval in three different age 

groups. Bar graphs representing excitability of RSADP neurons in the gRSC at 450 pA current injections. (A) 

Excitability of naive male RSADP neurons is increased compared to females during all 3 ages. Excitability of adult 

female RSADP neurons is enhanced compared to neurons from early- and mid- adolescent females (B) Retrieval of 

trace memories or CS presentations reduces excitability of male RSADP neurons in all three ages. (C) Trace fear reduces 

excitability of female RSADP neurons only during adulthood. Abbreviations: granular retrosplenial cortex (gRSC); 

regular spiking afterdepolarization (RSADP); conditioned stimulus (CS). (*p < 0.05; **p < 0.01). 
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Discussion 

 

We first examined that retrieval of trace fear memories changes as a consequence of sex 

and age. Sex differences in trace fear retrieval were only observed during early adolescence and 

not during mid-adolescence or adulthood. Across ages, males retrieve trace memories in a 

nonlinear manner, where mid-adolescent males freeze less than early adolescent or adult male rats. 

In females, freezing progressively increases across ages, suggesting sex differences in 

developmental age-related changes in fear behavior. Next, we investigated cellular mechanisms 

underlying age- and sex-related alterations in the RSC. Intrinsic excitability of male RSADP neurons 

is increased compared to females and this sex difference appears in early adolescence and 

continues until adulthood. Sex differences in excitability of RS neurons emerge in adulthood where 

female neurons have higher excitability compared to males. In males, trace fear memory formation 

and CS exposure suppresses RSADP neuronal excitability at all ages, however, retrieval of trace 

fear and CS exposure reduces excitability of both RS and RSADP neurons only in adult females. 

We found no experience-related alterations in adult BS neurons. Together, our data are the first to 

reveal that sex differences in the gRSC can occur during early adolescence or adulthood depending 

on the cell type (RS versus RSADP). Further, trace memory formation and CS exposure reduces 

excitability in both RS and RSADP neurons in a sex- and age-specific way.  

Age- and sex-dependent changes in retrieval of trace fear memories 

 

No differences in acquisition of trace fear learning between the 6 groups (male and female 

early adolescent, mid-adolescent, and adults) were found. However, during retrieval of trace fear, 

female rats had a positive linear trend in freezing behaviors from early adolescence into adulthood, 

whereas male mid-adolescent rats exhibit lower freezing levels compared to male early adolescents 

and adults. This nonlinear developmental trajectory in male rodents has been noted previously, in 
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which one study directly compared delay and trace fear conditioning in three different ages of male 

rats: early adolescence (PND 23), mid-adolescence (PND 35), and adults (PND 90; Den and 

Richardson, 2013). During the retrieval test, delay fear conditioned rats showed similar freezing 

levels across all three ages, however, trace fear conditioned mid-adolescent rats (PND 35) showed 

the strongest retrieval of trace fear compared to early adolescent and adult rats (Den and 

Richardson, 2013). The pattern of freezing behavior across three ages in this study (Den and 

Richardson, 2013) is opposite to what we observe in our current study where we see depressed 

freezing in male mid-adolescent rats. One reason for the discrepancy in behavioral patterns is that 

the study by Den and Richardson, 2013 measure retrieval of freezing during the CS tone and we 

measure during the 30 s ‘trace’ interval following the CS. Thus, distinct behaviors can be expressed 

during the auditory cue or the subsequent interval following the CS.  

In another study, during a test of context retrieval, male mice between PND 23-27 exhibit 

high levels of freezing, which drop during mid-adolescence (PND 29-39; Pattwell et al., 2011). 

Freezing behaviors return after PND 39 and remain elevated into adulthood (Pattwell et al., 2011). 

Learning impairment during mid-adolescence is not due to lack of context fear acquisition but an 

inability to retrieve fear memories (Pattwell et al., 2011). Our results parallel to those of Pattwell 

et al., 2011 as trace fear conditioning promotes more contextual processing compared to delay 

conditioning (Marlin, 1981). The deficit in learning during PND 29-39 is associated with reduced 

synaptic potentiation in the amygdala, and decreased signaling of phosphoinositide 3-kinases 

(PI3Ks) and mitogen-activated protein kinase (MAPK) in the hippocampus (Pattwell et al., 2011). 

Interestingly, in the RSADP neurons that dominate the mid-adolescent gRSC have substantially 

reduced dendritic complexity compared to RS neurons predominantly found in the early adolescent 

gRSC (Figure 9). In females, there is no difference in dendritic complexity between RS and RSADP 
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neurons (Figure 11). One possible reason for the suppressed freezing during mid-adolescence may 

be that developmental processes such as synaptic pruning, and reorganization of the fear-related 

circuitry may disrupt successful retrieval of trace or context fear memories. 

In addition to age-dependent changes in retrieval of fear behavior, we observe sex 

differences favoring males during early adolescence (prior to puberty). Generally, puberty occurs 

approximately at PND 32 in female and PND 42 in male rats (Koss et al., 2015; Juraska and 

Willing, 2017; McCormick et al., 2017). Our results show that following puberty, sex differences 

are absent in mid-adolescent and adult rats. Sex differences in tests of learning and memory may 

occur before or after puberty due to the organizational and/or activational effects of sex steroid 

hormones (Dalla and Shors, 2009; Juraska and Willing, 2017). For example, sex differences in 

RSC-dependent spatial and contextual fear memories occur before puberty (Newhouse et al., 2007; 

Colon et al., 2018; Arakawa, 2019), suggesting that the organizational effects of hormones may 

occur earlier in development. Further, early-life stress (before puberty) influences expression of 

fear in female adolescent (after puberty) but not in male adolescent rats (Toledo-Rodriguez and 

Sandi, 2007), suggesting that external factors may play a role in shaping sex-specific fear 

behaviors later in development. Consistent with behavioral patterns, sex differences in neuronal 

and morphological properties of prefrontal cortex and BLA emerge before puberty (Koss et al., 

2014; Rubinow and Juraska, 2015; Willing and Juraska, 2015). Specifically, sex differences in the 

RS-dominant early adolescent gRSC are prevalent where male RS neurons have significantly more 

dendritic branching compared to females (Figure 9; Figure 11), and sex differences in dendritic 

branching are absent in the RSADP-dominant mid-adolescent and adult gRSC (Figure 9; Figure 

11). These data might suggest that the early adolescent fear circuit may be processing fear 

memories differently than the mid-adolescent and adult.    
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Role of age and sex in experience-related plasticity of the gRSC 

In the gRSC, naive male RSADP neurons fire a higher number of APs compared to females, 

and this sex difference was present from early adolescence until adulthood. Conversely, female 

RS neurons exhibit higher excitability compared to males but this sex differences does not emerge 

until adulthood. Distinct cell types (RS versus RSADP) may form different fear circuits (Gao and 

Zheng, 2004; Le Be et al., 2007) to promote flexible processes required for memory formation. 

Further, the reversed pattern of sex differences in RS and RSADP neurons may suggest that the male 

and female RSCs may be projecting to different fear-related brain structures, and development of 

fear circuits may occur at different stages of development. For example, stimulation of the 

developing BLA induces LTP in the mPFC of rats (Caballero et al., 2014), and this BLA-mPFC 

connectivity is enabled by approximately PND 30, which remains steady into adulthood (Caballero 

et al., 2014). However, other projections such as ventral hippocampus to mPFC emerge later in 

development (PND 55; Caballero et al., 2014). Thus, developmental changes in plasticity and 

connectivity can occur at different time points, and may be sex- and region-specific. 

Within the fear circuit, fear learning increases excitability of several brain regions 

including the amygdala (Sehgal et al., 2014), hippocampus (Kaczorowski and Disterhoft, 2009; 

McKay et al., 2009; Song et al., 2012; Dunn et al., 2018), and mPFC (Santini et al., 2008; Santini 

and Porter, 2010; Sepulveda-Orengo et al., 2013; Soler-Cedeno et al., 2016). We expected to see 

a similar enhancement in excitability in the gRSC following retrieval of trace fear, however, we 

observed a experience-related decrease in this brain region. Decreased excitability as a result of 

associative learning has also been noted in other limbic structures including the BLA (Motanis et 

al., 2014) and mPFC (Song et al., 2015; Whitaker et al., 2017). A experience-related suppression 

in intrinsic excitability may be due to a homeostatic mechanism, which counterbalances increased 
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excitatory synaptic inputs (Hayton et al., 2010, 2011) onto gRSC neurons. Decreased excitability 

may act as a negative feedback mechanism to regulate neurons within their physiological firing 

rate (Zhang and Linden, 2003; Turrigiano, 2008). This regulatory feedback mechanism is prevalent 

in the mPFC where learning elevates AMPA/NMDA receptor ratios and reduces intrinsic 

excitability (Hayton et al., 2010, 2011). Whether gRSC neurons are counterbalancing enhanced 

glutamatergic input from the hippocampus or other fear-related brain regions remains to be 

investigated. 

Retrieval of trace fear memories reduces excitiability of gRSC neurons, however, exposure 

to the CS tone during training and testing also suppresses excitability of RS and RSADP neurons. 

Similarly, exposure to a novel context (without an aversive stimuli) increases excitability of RS 

neurons in the subiculum (Dunn et al., 2018). Novel context exposure induces a larger percentage 

of RS cells and decreases the percentage of BS cells in the subiculum (Dunn et al., 2018). Given 

that the RSC has unique features to process spatial information (Chen et al., 1994; Cho and Sharp, 

2001; Smith et al., 2012), we suspect that novel environments induce plastic changes within this 

region. 

In the male adult gRSC, RSADP neurons from trace or CS only rats express experience-

related decreases in excitability at lower current injections (~100 pA). In contrast, compared to 

males, female RS and RSADP neurons from adult behaviorally trained rats respond only to higher 

current injections (~350 pA), suggesting that male and female neurons require different current 

intensities to drive learning-induced plasticity. Similar to studies of intrinsic excitability, LTP 

induction protocols such as theta-burst stimulations (4 pulses at 100 Hz with brief pauses) or high-

frequency stimulations (~1 s burst of equally spaced pulses at 100 Hz) play a role in driving sex 

differences in rodent hippocampal slices (Yang et al., 2004; Qi et al., 2016). In general, the early 
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phase of LTP, which is dependent on pre-existing protein modification can be induced by high 

frequency stimulation (Huang and Kandel, 2005). Theta burst stimulations drive the late phase of 

LTP, and this phase requires gene transcription and new protein synthesis in the postsynaptic cell 

(Huang and Kandel, 2005). In the Schaffer-commissural projections (Yang et al., 2004) and the 

temporoammonic pathway (Qi et al., 2016) of the rat hippocampus, sex differences in LTP 

magnitude are driven by theta burst stiumulations but not high frequency stimulations, suggesting 

sex differences in the late stage of LTP versus the early stage. Sex differences within an LTP 

induction protocol have also been noted where 5 pairs of theta bursts produces a significant LTP 

in males, however, this stimulation protocol was not sufficient to induce an LTP in the female 

hippocampus (Wang et al., 2018). One reason for the sex differences in LTP magnitude is that the 

different tetanic stimulations may lead to differential activation of Ca2+ channels and intracellular 

postsynaptic Ca2+ release (Grover and Teyler, 1990; Regehr and Tank, 1992; Jager et al., 1998; 

Morgan and Teyler, 1999). Similar to synaptic plasticity, intrinsic excitability induces long-term 

changes by activating second messenger systems and synthesizing protein (Xu et al., 2005; 

Grabauskas et al., 2007; Oh et al., 2009; Cohen-Matsliah et al., 2010). Therefore, we speculate 

that different current intensities in our studies of intrinsic excitability might be activating distinct 

signaling pathways in a sex- or age- dependent way. 

In conclusion, we find that intrinsic plasticity in neurons of the gRSC are different between 

males and females across three different firing types. The RSC is recruited in trace fear learning 

in both sexes, however, the male gRSC is part of the trace fear circuit early in development, 

whereas the female gRSC joins the circuit during adulthood. The female RSC’s participation in 

adulthood raises the question regarding its role as an integral part of the trace fear circuitry or 

whether it plays a supplementary role in encoding complex associative fear memories. 
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Understanding sex and age differences in the RSC can reveal the developmental stage when 

females become more susceptible to maladaptive memory formation that underlie anxiety 

disorders. 

CHAPTER FOUR: General discussion and future directions 

 

The RSC is an integral node in the trace fear circuit and several structures in this circuit 

including the hippocampus (Maren et al., 1994; Maren, 1995; Wang et al., 2018), mPFC (Urban 

and Valentino, 2017), and amygdala (Blume et al., 2017) undergo sex-dependent plasticity. 

However, the majority of studies examining the role of RSC in learning and memory have solely 

used male subjects. Thus, the overarching question of this dissertation is whether sex differences 

are prevalent in the RSC like other brain structures of the fear circuit? We combine several 

different techniques including Pavlovian fear conditioning, whole-cell patch-clamp 

electrophysiology, pharmacological manipulations, and morphological analysis to answer 

questions related to developmental mechanisms of the RSC and how it encodes trace fear memory 

formation. Previously, we have established that the neuronal distribution of the RS-dominant early 

adolescent gRSC dramatically changes to a RSADP-dominant mid-adolescent and adult gRSC 

(Yousuf et al., 2020b). The ADP plays a role during development of the gRSC, however, the 

function of the ADP in other fear-related regions has been to promote excitability and plasticity 

(Wu et al., 2004; Thomas et al., 1998; Pike et al., 1999), which are requirements of learning. 

Therefore, the first aim of this dissertation was to understand sex-specific factors including 

learning, NMDA receptor activity, or dendritic morpholoy that regulate the ADP, an intrinsic 

property key for RSC development. In chapter two (Aim 1) of this dissertation, we first report that 

learning does not increase the percentage of RSADP neurons of the gRSC in either sex. Second, we 

found that NMDA receptor activity mediates the ADP in female but not in male RSADP neurons. 
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Third, male RSADP neurons have decreased dendritic complexity and branching compared to male 

RS neurons, and this difference in morphology between RS and RSADP neurons is absent in 

females. Together, we conclude that NMDA receptor activity plays a larger role in the ADP of 

females, whereas dendritic morphology may regulate the ADP in males. 

Since we observed sex-dependent physiological changes in the developing gRSC in chapter 

2 (Aim 1), chapter 3 (Aim 2) of this dissertation focused on two questions: 1) how learning changes 

as a function of age and sex, and 2) how learning changes the physiology of the RSC in males and 

females across development. We report that males follow a nonlinear trajectory, in which male 

mid-adolescent rats had suppressed retrieval of trace fear memories compared to early adolescent 

and adult males. A positive linear trend in freezing behaviors was noted in females across different 

ages. Our behavioral data indicate that the male fear circuit may go through a drastic reorganization 

during mid-adolescence that may not occur in females.  

After examining behavioral changes, chapter 3 (Aim 2) also aimed at understanding how 

different neuronal firing types in the RSC are altered as a consequence of learning. In the gRSC, 

we observed sex differences in three different firing types, RS, RSADP, and BS, however, when 

these sex differences emerge is dependent on the developmental age. For example, sex differences 

in excitability of RSADP neurons favoring males are noted during early adolescence and last until 

adulthood. In contrast, sex differences in excitability of RS neurons favoring females appear during 

adulthood. Similar to RS neurons, excitability in adult female BS neurons is heightened compared 

to those of males. We were unable to identify the developmental stage that sex differences occur 

in BS neurons because they are prevalent in smaller percentages in layer 5 of the gRSC. Once we 

established sex differences in intrinsic excitability in the RSC at basal levels, we next  examined 

how trace fear memory formation influences intrinsic plasticity of the male and female gRSC. Our 
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data demonstrate that retrieval of trace fear and CS exposure decreases intrinsic excitability of both 

RS and RSADP neurons at different stages of the life span. In all three male age groups, retrieval of 

trace fear and CS exposure suppresses excitability of RSADP neurons but does not affect RS 

neurons. This pattern was not seen in females because trace fear retrieval and CS exposure reduces 

excitability of RS and RSADP neurons only in adults. Further, BS neurons in both adult male and 

female gRSC remain unaffected by learning. These data indicate that the male RSC participates in 

the trace fear circuitry early in development, and much later in development in females. 

In summary, the mechanisms that mediate the drastic developmental changes in the gRSC 

differ between males and females, and RSC-dependent fear learning developmental trajectories 

are also sex-specific. At basal levels, sex differences emerge during early adolescence depending 

on the neuronal firing type. Finally, learning or novel experiences alter gRSC plasticity differently 

in males at all ages but only during adulthood in females. Our data raise important questions about 

the male and female fear circuitry, and how factors such as sex steroid hormones or molecular 

signaling pathways may play a role in shaping fear regulation in males and females. 

Role of sex steroid hormones in sex-dependent mechanisms of learning 

Factors that may influence sex-dependent plasticity are sex steroid hormones such as 

estrogens. Specifically, the potent form of estrogen,17β-estradiol (E2) can lower the threshold for 

LTP and increase LTP amplitude in both the male and female hippocampus of rodents (Teyler et 

al., 1980; Montoya and Carrer, 1997; Foy et al., 1999; Gu et al., 1999; Fugger et al., 2001; Sharrow 

et al., 2002; Smith and McMahon, 2006; Kramár et al., 2009; Smejkalova and Woolley, 2010; Jain 

et al., 2019), however, E2-induced potentiation activates different glutamatergic signaling 

mechanisms in the hippocampus of females and males. E2-mediated responses occur via GluN2B 

subunits of NMDA receptors in female rodents, and through AMPA receptors in males (Romeo et 
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al., 2005; Smith and McMahon, 2005; Kramár et al., 2009). E2 differentially enhances presynaptic 

glutamate release via estrogen receptor (ER) β in female rats but through ERα in males (Oberlander 

and Woolley, 2016). Further, E2 promotes postsynaptic glutamate sensitivity through ERβ in male 

and G protein coupled ERs in female rats (Oberlander and Woolley, 2016). Sex differences are 

also observed in E2-mediated Ca2+ signaling in the rat hippocampus (Jain et al., 2019). In female 

rats, both L-type Ca2+ channels and Ca2+ release from internal stores are required for E2-induced 

LTP, whereas in males, either L-type Ca2+ channels or Ca2+ from internal stores is required for 

potentiation (Jain et al., 2019). Thus, this is another example of the intricate differences in neural 

mechanisms between sexes, which may lead to the same outcome. 

Sex differences in molecular mechanisms in fear-related brain regions 

Intrinsic excitability and strong excitatory synaptic inputs promote intracellular Ca2+ in the 

postsynaptic neurons, which then trigger multiple signaling cascades necessary for memory 

formation. These Ca2+ dependent signaling molecules include calmodulin (CaM), Ca2+/CaM-

dependent kinases, phosphatases such as CaMKII and calcineurin (Lee et al., 2009; Fujii et al., 

2013; Chang et al., 2017), ERK (Sananbenesi et al., 2002; Shalin et al., 2004; Sweatt, 2004), 

protein kinase C, and protein kinase M zeta (Sacktor, 2011). These signaling cascades transduce 

the synaptic signals to the nucleus, which then go on to activate transcription factors such as cAMP 

Responsive Element Binding Protein (CREB; Kogan et al., 1997; Pittenger et al., 2002; Josselyn 

et al., 2004; Alberini, 2009). Activated CREB binds to cAMP response element sites, which then 

regulate immediate early genes (IEGs) such as cFos (Radulovic et al., 1998), early growth response 

protein 1, activity-regulated cytoskeleton-associated protein (Arc; Guzowski et al., 2000).  

Consistent with the idea that sex differences are evident in Ca2+ signaling (Wilmott and 

Thompson, 2013; Jain et al., 2019), similar differences are reported in calcium calmodulin kinase 
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kinase α (CAMKKα), which is required for contextual fear in mice (Mizuno et al., 2006, 2007). 

CAMKKα knockout male mice have impaired contextual fear memories compared to wild-type 

males, however, CAMKKα knockout females do not show any memory impairments compared to 

wild-type females (Mizuno et al., 2006). Similarly, following delay fear conditioning, ERK 

phosphorylation is significantly increased in the male but not female ventral hippocampus of rats 

(Gresack et al., 2009). Since both ERK and CAMKKα signaling cascades regulate the expression 

of plasticity-associated genes through activation of CREB, these studies suggest that activation of 

CREB could occur in a sex-specific manner. Indeed, one study demonstrated that context fear 

conditioning promoted higher levels of CREB phosphorylation in the male versus the female 

hippocampus of rats (Kudo et al., 2004). CREB targets IEGs (e.g. cFos), and sex-dependent 

changes in cFos activity have been reported, in which retrieval of context fear memories enhances 

cFos expression in the CA1, CA3, and dentate gyrus of the mouse hippocampus in males but not 

females (Keiser et al., 2017). Generalization of context fear also leads to a similar increase in cFos 

only in the male but not female mouse hippocampus (Keiser et al., 2017). Both retrieval of context 

fear and generalization promoted cFos levels in the amygdala of female but not in male mice 

(Keiser et al., 2017). Further, increased cFos and Arc expression in the female RSC are observed 

following remote context fear memory retrieval, and this increase in learning-related activity is 

not seen in male mice (Keiser, 2018). Thus, recruitment of different brain regions in fear memories 

is consistent with the concept that males and females use different strategies for spatial and fear 

learning. Future work is required to understand the precise mechanisms underlying distinct fear 

circuits in males and females. 

Future directions 

 

Mechanisms underlying development of the gRSC 
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Several regions of the fear circuit go through developmental changes in intrinsic and 

morphological properties (Ehrlich et al., 2012; Ryan et al., 2016; Kroon et al., 2019), required for 

connectivity and circuit formation. The emergence of the ADP may be unique to RSC 

development, therefore, understanding the components that shape the ADP will also give insight 

into how this region is primed for learning-related plasticity. Questions that have been left 

unanswered is whether new RSADP neurons replace RS neurons or do RS neurons eventually turn 

into RSADP neurons during gRSC development? Since an ADP can be induced with synaptic 

stimulations in the hippocampus (Wu et al., 2004), we speculate that as the gRSC matures, synaptic 

inputs from other brain regions may induce an ADP on RS neurons to stabilize the fear circuit. 

Novel techniques that combine whole-cell patch-clamp electrophysiology and mRNA sequencing 

of cell contents following electrophysiological recordings could provide answers regarding the 

overlap in gene expression of RS and RSADP neurons. 

In addition to understanding whether RSADP neurons originate from RS neurons, much 

more work is required to investigate the mechanisms that regulate the ADP. Although we provide 

indirect evidence that the ADP may reduce dendritic complexity in male gRSC neurons, 

techniques using laser ablation to severe dendrites will give more direct evidence regarding the 

relationship between ADP and dendritic morphology. Further, another factor that needs to be 

elucidated in the gRSC is the role of Na+ and Ca2+ dendritic conductances that shape the ADP 

(Magee and Carruth, 1999). Finally, a more comprehensive understanding of the components that 

mediate the ADP is required. So far, we have identified NMDA receptors and mGluRs (Yousuf et 

al., 2020b), however, these receptors only partially regulate the ADP, which leads to follow-up 

questions regarding the contribution of ion channels and other receptors. Future work related to 
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the mechanisms of the ADP in the gRSC and other fear-related brain regions can not only give 

insight into developmental patterns but also how neurons undergo intrinsic and synaptic plasticity. 

Distinct roles of RSC subregions 

The RSC plays an integral role in spatial and fear learning, however, only more recently it 

has become a focus of research (Todd et al., 2019). The RSC is subdivided into the gRSC and 

dysgranular region, which are morphologically and functionally distinct (Van Groen and Wyss, 

1990; Pothuizen et al., 2010; Sugar et al., 2011). The gRSC forms connections with the anterior 

thalamic nuclei, whereas the dysgranular RSC is interconnected with the visual cortex (Vogt and 

Miller, 1983; Vann et al., 2009). We have shown age and sex differences in the physiology of one 

subregion (anterior gRSC), however, the physiology of the dysgranular region remains unknown. 

Additionally, along the rostro-caudal axis of the RSC, the anterior and posterior regions of the 

RSC are functionally distinct (Trask et al., 2021). A recent study optogenetically inhibited the male 

aRSC or pRSC during CS-US pairings of a trace fear conditioning task. Twenty-four hours later, 

when introduced to a novel environment with CS presentations, rats that have optogenetic 

inhibition of the anterior RSC during training freeze significantly less to the tone than control rats 

(Trask et al., 2021). Interestingly, optogenetic inhibition of the aRSC does not affect freezing to 

the acquisition context, suggesting that the aRSC plays a role in encoding event-related 

information or the “what” pathway (Trask et al., 2021). Further, rats with inhibition of the pRSC 

freeze significantly less to the acquisition context compared to controls (Trask et al., 2021), 

suggesting that the pRSC processes context-related information or the “where” pathway (Trask et 

al., 2021). All our recordings were from the anterior section of the gRSC and we found that during 

memory formation, females and males may encode event-related information differently. Since 

sex differences are observed in context fear memories (Maren et al., 1994; Kosten et al., 2006; 
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Gresack et al., 2009; Mizuno et al., 2012; Sase et al., 2019), future work is required to examine 

the physiology of the pRSC and how this subregion changes following retrieval of trace fear in 

males and females. These data highlight that the RSC is a large cortical structure with several 

subregions that may have unique physiologies and roles in tests of learning and memory.  

Sex and age-specific role of the RSC in the fear circuit 

We and others (Pattwell et al., 2011; Den and Richardson, 2013) have shown that the male 

fear circuitry goes through a change during mid-adolescence as fear behavior at this time point is 

different than other developmental stages. In contrast, we report a positive linear trend in fear 

behavior in females across the lifespan. For mid-adolescent rats, we chose the ages PND 42-49 as 

during this time, both males and females reach puberty. Choosing this age group minimizes 

variability in our experiments since the rats are age-matched, however, we realize that it does not 

capture the time right after puberty for both males and females as typically male rats reach puberty 

at PND 42 and females at PND 32 (Koss et al., 2015; Juraska and Willing, 2017; McCormick et 

al., 2017). Thus, by using the age group of PND 42-49, we may have missed the window 

immediately following puberty in females, when the fear circuit may go through a shift. Given the 

epidemiological evidence that after puberty, females are twice as likely to develop anxiety 

disorders compared to their male counterparts (Angold and Costello, 2006), more preclinical 

studies need to focus on how fear behavior and circuits change in females during and following 

puberty. Since the fear circuitry may go through changes across development, another important 

question is examining the male and female circuits that are established in the adult rat brain. 

Previous work has shown that retrieval of fear memories increases cfos expression in the male 

hippocampus but not in the female (Keiser et al., 2017). Conversely, fear memory formation 

increases cfos activity in the amygdala of females but not males (Keiser et al., 2017). Studies of 
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retrosplenial connectivity to the hippocampus have solely focused on male subjects (Cooper and 

Mizumori, 2001; Miyashita and Rockland, 2007; Opalka and Wang, 2020), thus, leaving a large 

gap in the fear circuitry literature. 

Conclusion 

 

Nearly half a century of preclinical neuroscientific research has primarily used male 

rodents as the default model organism (Shansky and Murphy, 2021). About a decade ago, an 

evaluation of neuroscience and biomedical research showed that male subjects were 6 times more 

often used compared to females in neuroscience research (Beery and Zucker, 2011). Unfortunately, 

a more recent evaluation of 2017 found that this disparity in the use of male subjects has barely 

improved (Mamlouk et al., 2020; Woitowich et al., 2020). Sex differences are prevalent in a wide 

range of psychiatric and neurological disorders including attention deficit hyperactivity disorder, 

autism, Alzheimer’s disease, and eating disorders (Volkmar et al., 1993; Kessler et al., 1995; 

Biederman et al., 2002; Stein et al., 2002; Kessler, 2003; Holden, 2005; Steiner et al., 2005; Hyde 

et al., 2008; Sotiropoulos et al., 2008). Due to the focus of using male subjects in preclinical 

studies, women suffer from misdiagnosis in a range of medical conditions (Hinshaw et al., 2012; 

Newman-Toker et al., 2014; Wu et al., 2018) as well as side effects from medication that are 

developed based on the male physiology (Anderson, 2008). Specifically, women are three times 

more likely to develop posttraumatic stress disorder (Kessler et al., 1995, 2012), and this sex 

difference may appear early in development or due to puberty (Angold and Costello, 2006). 

Understanding when and why sex differences occur in maladaptive fear learning can lead to 

tailored sex-specific therapeutic interventions and improve the quality of lives of many women.  
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