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ABSTRACT 

 

FUNCTIONAL ORGANIZATION OF A CORTICAL-MEDULLARY NEURAL CIRCUIT 

MEDIATING ORGANISMAL ADAPTATION TO STRESS 

 

Hindbrain regions responsible for epinephrine and norepinephrine production are critical 

for orchestrating stress responses, maintaining physiological equilibrium and integrating afferent 

information. The nuclei central to hindbrain epinephrine and norepinephrine production, create a 

neural network that interfaces with forebrain and spinal cord regions, facilitating the integration 

of neuroendocrine and autonomic functions. Despite significant strides in our comprehension of 

stress response systems, questions concerning the roles of sex, stress history, and circuit 

mechanisms endure. In this study, we unveil and characterize a prefrontal-medullary circuit 

crucial for the suppression of stress responses. First, anterograde and retrograde tract-tracing 

studies demonstrated a stress-reactive vmPFC-RVLM circuit. Activation of this vmPFC-RVLM 

circuit mitigates glucocorticoid stress reactivity in both males and females, by targeting non-

catecholaminergic neurons. Therefore, vmPFC-RVLM circuit activation may utilize local 

inhibitory neurons to limit catecholaminergic activation. To better understand how chronic stress 

affects the medulla, we explored the impact of chronic stress on signaling machinery and 

revealed elevated tyrosine hydroxylase (TH) levels in both male and female rats following 

chronic variable stress (CVS). To understand how CVS interacts with the vmPFC-RVLM circuit, 

we used an intersectional TeLC (Tetanus toxin - light chain) approach to disrupt the circuit and 

evaluate multiple stress response systems. In males, circuit disruption and CVS largely left 

behavioral and cardiovascular stress reactivity unaltered, however, some neuroendocrine 
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endpoints were affected. Conversely, females exposed to circuit disruption and chronic stress 

exhibited heightened stress reactivity in glycemic, corticosterone, and arterial pressure responses, 

coupled with avoidant-like behaviors. These findings underscore the sex-specific necessity of the 

vmPFC-RVLM circuit in countering chronic stress-related outcomes, emphasizing a greater 

protective role in females relative to males. To gain deeper insights into the role of vmPFC 

inputs to the RVLM in females, we once again utilized a circuit-based TeLC approach, 

employing in situ hybridization (ISH) coupled with immunohistochemistry (IHC) to assess TH 

and phenylethanolamine N-methyltransferase (PNMT) transcript density across various VLM 

subregions. Notably, the TeLC-induced elevation of PNMT expression in females suggests that 

disrupting this circuit could potentially enhance epinephrine production by RVLM neurons, 

potentially intensifying stress reactivity post-CVS. This comprehensive study demonstrated the 

critical role of the vmPFC-RVLM circuit in modulating stress responses and revealing female-

specific effects in mitigating physiological, behavioral, and transcriptional outcomes after 

chronic stress. These findings emphasize the significance of the vmPFC-RVLM circuit in 

managing stress reactivity in the context of chronic stress and identify the circuit as a potential 

candidate for reducing stress responding. 
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Chapter 1 – Introduction1  
 
 

1.1 Endocrine and autonomic stress responses 

Organismal survival in threatening situations is dependent on energy-mobilizing 

biological response systems. In the context of real or perceived threats, cognitive appraisal of 

external sensory modalities and internal states elicits widespread biological responses to promote 

adaptation (Daskalakis et al., 2022). Stress-responsive systems engage neural circuits to generate 

behavioral as well as neurosecretory and autonomic processes. Peripheral physiological systems 

are characterized by distinct temporal profiles and signaling molecules. However, neurosecretory 

and autonomic systems interact to coordinate the responses necessary to maintain or restore 

homeostasis. Importantly, the effector cells of endocrine and autonomic systems are modulated 

by epinephrine- and norepinephrine-synthesizing cell groups in the brainstem (Wood & 

Valentino, 2017). 

The neuroendocrine stress response engages the hypothalamic-pituitary-adrenal (HPA) axis, 

culminating in the synthesis and release of glucocorticoids (Herman et al., 2016; Myers, 

McKlveen, et al., 2014). Neurosecretory cells in the paraventricular nucleus of the hypothalamus 

(PVN) secrete corticotropin-releasing hormone (CRH) into the hypophyseal portal. CRH 

stimulates the anterior pituitary to release adrenocorticotropic hormone (ACTH) into the 

bloodstream. Subsequently, ACTH reaches the adrenal cortex where glucocorticoids (cortisol in 

humans, corticosterone in rats and mice) are released. Glucocorticoids then bind  

_______________________ 

1 Pace SA & Myers B. Hindbrain adrenergic/noradrenergic control of integrated endocrine and 
autonomic stress responses. Accepted at Endocrinology 
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mineralocorticoid (MR) and glucocorticoid receptors (GR) to mediate cellular signaling and 

transcriptional regulation throughout the brain and body (Reul & De Kloet, 1985). Here, negative 

feedback mediated by GR and MR promotes HPA axis recovery (Dallman, 2005). In contrast, 

the autonomic stress response primarily relies on the sympathetic nervous system to mediate 

fight-or-flight responses. Neural signals from the hypothalamus and brainstem synapse onto 

preganglionic sympathetic neurons in intermediolateral cell column of the thoracolumbar spinal 

cord (Ulrich-Lai & Herman, 2009). Preganglionic sympathetic neurons target both 

postganglionic sympathetic neurons that innervate target organs, as well as the adrenal medulla, 

which comprises the sympathoadrenomedullary (SAM) axis. Sympathetic stress responses 

generated by peripheral synaptic norepinephrine and adrenal epinephrine release increase heart 

rate, blood pressure, and glucose mobilization (Guyenet et al., 2013). The sympathetic stress 

response is countered by the parasympathetic nervous system to restore autonomic balance.  

 

1.2 Brainstem adrenergic/noradrenergic nuclei  

1.2.1 Anatomy  

In rodents, stressors including restraint, noise, forced swim, immune challenge, 

hemorrhage, and glucoprivation activate epinephrine- and norepinephrine-synthesizing cells 

(Dayas et al., 2001; Ritter et al., 2019b). In turn, epinephrine- and norepinephrine-synthesizing 

neurons project to the effectors of the HPA and SAM axes (Plotsky et al., 1989; Ulrich-Lai & 

Herman, 2009). Consequently, adrenergic/noradrenergic circuits are essential for 

counterregulatory responses and the restoration of homeostasis. Brainstem 

adrenergic/noradrenergic neurons are the primary source of epinephrine and norepinephrine in 

the central nervous system (Fuxe, 1965; Fuxe et al., 2010). Both epinephrine- and 
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norepinephrine-producing cells express dopamine beta-hydroxylase (DBH), the enzyme that 

converts dopamine to norepinephrine. However, only epinephrine-synthesizing cells express 

phenylethanolamine-N-methyl transferase (PNMT), which synthesizes epinephrine from 

norepinephrine. The distinction between epinephrine and norepinephrine neurons is explicit, with 

epinephrine-synthesizing neurons labeled as “C” populations and norepinephrine-synthesizing 

populations labeled as “A” nuclei. These adrenergic/noradrenergic nuclei are further identified 

by their anatomical location (e.g. C1 neurons in the ventral medulla and C2 in the dorsal 

medulla) (Fuxe, 1965; Hokfelt, 1984). The locus coeruleus (LC/A6), nucleus of the solitary tract 

(NTS/C2/A2), and ventrolateral medulla (VLM/C1/A1) account for the majority of epinephrine 

and norepinephrine produced by the brain (Fuxe, 1965; Hokfelt, 1984) (Figure 1.1). These 

regions constitute a core of evolutionarily-conserved circuits that are critical for the regulation of 

neuroendocrine function, glucose metabolism, blood pressure, breathing, sleep-wake cycles, and 

behavior (Patrice G. Guyenet et al., 2013; Rinaman, 2011; S. K. Wood & Valentino, 2017).  

 

Figure 1.1 Organization of brainstem adrenergic/noradrenergic nuclei. Hindbrain 
adrenergic/noradrenergic cell groups regulate both endocrine and autonomic responses to 
physical and psychological stressors. These nuclei synthesize epinephrine (C1, C2) and/or 
norepinephrine (A1, A2, A6) with a subset coexpressing vGluT2. Ascending outputs target the 
hypothalamus to regulate neuroendocrine processes, while spinal projections govern sympathetic 
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functions. PVN: paraventricular nucleus of the hypothalamus, IML: intermediolateral cell 
column, vGluT2: vesicular glutamate transporter-2. 
 
 
1.2.2 Neurochemistry 

Although brainstem adrenergic/noradrenergic cells are defined by the presence of 

epinephrine and norepinephrine synthesis enzymes, these nuclei co-express other 

neurotransmitter and neuropeptide transcripts. In rats, mRNA for the glutamatergic marker 

vesicular glutamate transporter 2 (vGluT2) colocalizes with approximately 75% of C2 nuclei and 

80% of A2 cells in the NTS (Stornetta et al., 2002). Similarly, vGluT2 colocalizes with 

approximately 75% of C1 cells in the rostral VLM (Stornetta et al., 2002). These observations 

suggest that glutamate is co-released with epinephrine or norepinephrine, although the functional 

consequences remain to be defined (Guyenet et al., 2013; Rinaman, 2011; Ruth L. Stornetta, 

2009). Other norepinephrine nuclei appear to colocalize with vGluT2 to a lesser degree. vGluT2 

only colocalizes with approximately 16% of A1 cells in the VLM, while the same study found no 

colocalization with A6 cells in the LC (Stornetta et al., 2002). However, recent studies 

genetically identified LC norepinephrine and glutamate co-expression and confirmed functional 

synaptic glutamate release from LC catecholaminergic neurons (Yang et al., 2021). In addition to 

glutamate, NTS and VLM adrenergic/noradrenergic cells also express neuropeptides including 

neuropeptide Y (NPY), substance P, calcitonin, enkephalin, pituitary adenylate cyclase-

activating peptide, cocaine- and amphetamine-related transcript (Stornetta, 2009). Neuropeptide 

expression in the LC is less diverse and includes NPY and galanin (Xu et al., 1998). Although 

adrenergic/noradrenergic neurons commonly express neuropeptides, little is known about release 

dynamics or the functional consequences for stress integration.  
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1.3 Adrenergic/noradrenergic stress regulation 

1.3.1 Acute stress  

Stimulating epinephrine- and norepinephrine-synthesizing neurons in the LC, VLM, or 

NTS emulates neuroendocrine, autonomic, and behavioral responses to stress. For example, 

stimulation of VLM C1 neurons in stress-naïve animals increases sympathetic nerve activity, 

blood glucose mobilization, heart rate, arterial pressure, and respiration (Burke et al., 2014; 

Kanbar et al., 2010; Souza et al., 2022; Zhao et al., 2017). Loss of function approaches targeting 

VLM adrenergic/noradrenergic neurons also provide evidence for adrenergic/noradrenergic 

augmentation of blood pressure and circulating epinephrine and glucose (Madden et al., 2006; 

Madden & Sved, 2003; Marina et al., 2011; Wenker et al., 2017; Zhao et al., 2017). Numerous 

studies investigating the immediate-early gene c-Fos indicate that brainstem 

adrenergic/noradrenergic neurons are responsive to both homeostatic disturbances and 

psychosocial stressors (Cullinan et al., 1995; Dayas et al., 2001; Pezzone et al., 1993). Recent in 

vivo studies further implicate the necessity and sufficiency of adrenergic/noradrenergic neural 

activity for sensing and responding to stressors. For instance, calcium imaging in rostral VLM 

C1 neurons during hemorrhage demonstrates increased activity during hemorrhagic 

compensation that declines at the onset of decompensation (Souza et al., 2022). Moreover, C1 

activation increases sympathetic nerve activity and blood pressure stability to prevent 

hemorrhage-induced cardiovascular collapse (Souza et al., 2022). Other studies report that CRH-

dependent increases in tonic, but not phasic, LC neural activity promote stress-induced behaviors 

(McCall et al., 2015). Additionally, administration of a catecholaminergic toxin to NTS A2 cells 

reduces corticosterone and heart rate responses to restraint (Bundzikova-Osacka et al., 2015), 

indicating this population is a primary integrator of endocrine and autonomic physiology. 
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Overall, epinephrine and norepinephrine circuits both encode stressors and coordinate stress 

responses, suggesting that chronic stress effects on adrenergic and noradrenergic nuclei may 

contribute to stress-related disorders. 

 

1.3.2 Chronic stress 

Brainstem adrenergic/noradrenergic activity is engaged by multiple chronic stress 

paradigms. The expression of tyrosine hydroxylase (TH), the rate-limiting enzyme for 

catecholamine synthesis, is commonly used as a measure of catecholaminergic activity after 

chronic stress. Repeated homotypic stress paradigms (repeated restraint or cold room) increase 

TH mRNA in caudal VLM A1 neurons in male and female rats, as well as TH immunoreactivity 

in male LC A6 cells (Melia et al., 1992; Tóth et al., 2008). While no changes in TH are observed 

after homotypic stress in NTS A2 cells of either sex (Tóth et al., 2008), NTS adrenergic and 

noradrenergic neurons are sensitive to chronic heterotypic stressor paradigms. After chronic 

variable stress (CVS) in male rats, the NTS has increased TH mRNA (Zhang et al., 2010), as 

well as expression of the long-term activity marker FosB/DFosB in DBH-positive cells (Flak et 

al., 2012). Moreover, loss of NTS A2 neurons prevents CVS-induced cardiac autonomic 

imbalance (Bundzikova-Osacka et al., 2015). In terms of social stress, hierarchically subordinate 

male rats have increased TH mRNA and protein in the LC compared to controls (Watanabe et 

al., 1995). This effect is also found in human psychosocial distress, as donors diagnosed with 

major depressive disorders have increased TH mRNA expression in the LC as well as the 

noradrenergic developmental transcription factors Phox2a and Phox2b (Fan et al., 2018; Zhu et 

al., 1999). Furthermore, LC TH immunoreactivity is elevated in suicidal depressive patients (Gos 

et al., 2008). Taken together, prolonged stress upregulates brainstem epinephrine and 
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norepinephrine synthesis enzymes across species and chronic stress paradigms, suggesting 

increased epinephrine and norepinephrine production may contribute to stress-related health 

consequences. However, it remains to be determined how upregulation of epinephrine and 

norepinephrine in NTS, LC, and VLM neurons modulates signaling within projection circuitry.  

 

1.4 Ascending adrenergic and noradrenergic circuits 

1.4.1 Projections to the PVN  

The NTS, LC, and VLM give rise to parallel and divergent projections to stress-

regulatory nuclei, pathways that provide a circuit basis for adrenergic/noradrenergic stress 

integration (Guyenet et al., 2013; Myers et al., 2017; Rinaman, 2011; Valentino & Van 

Bockstaele, 2008). Notably, DBH- and PNMT-immunoreactive processes target CRH-, 

vasopressin-, and oxytocin-producing PVN neurons that also express adrenergic receptors 

(Cummings & Seybold, 1988; Cunningham & Sawchenko, 1988; Füzesi et al., 2007; Raby & 

Renaud, 1989; Russell et al., 2003). Functional studies lesioning adrenergic/noradrenergic cells 

or tracts reveal that ascending pathways excite CRH neurons and facilitate HPA axis responses 

to a variety of stressors (Bienkowski & Rinaman, 2008; Flak et al., 2014; Khan et al., 2011; H. 

Y. Li et al., 1996; Ritter et al., 2001, 2003; Sawchenko, 1988). Specifically, norepinephrine 

activates a subset of PVN CRH neurons through α1 adrenergic receptors (Boudaba et al., 2003; 

Gouws et al., 2022). CRH neuronal activation by α1 receptors also increases dendritic volume 

transmission to promote retrograde glial signaling that activates presynaptic inputs to CRH 

neurons (Chen et al., 2019), demonstrating multiple pathways through which adrenergic inputs 

may regulate HPA axis activity. Although, PVN adrenergic modulation is dependent on stressor 

modality as glucocorticoid-induced α1 receptor internalization desensitizes CRH neurons in 
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response to immune challenge but not restraint (Jiang et al., 2022). In addition to adrenergic 

receptor signaling, ascending norepinephrine synapses also activate CRH neurons through 

corelease of glutamate (Bains et al., 2015). Ultimately, further investigation is needed to 

determine the context-dependent aspects of adrenergic/noradrenergic and glutamatergic 

cotransmission in the hypothalamus.  

Adrenergic/noradrenergic innervation of the PVN exhibits considerable plasticity after 

chronic stress. Overall, chronic stress shifts the excitatory/inhibitory balance of CRH neurons 

through decreases in GABA receptor expression, inhibitory postsynaptic current frequency, and 

glucocorticoid negative feedback (Franco et al., 2016; Herman & Tasker, 2016; Verkuyl et al., 

2004). Chronic stress also increases vGluT2- and DBH-positive synaptic density, excitatory 

postsynaptic current frequency, and NMDA receptor subunit expression in CRH neurons (Flak et 

al., 2009; Franco et al., 2016). Reducing adrenergic/noradrenergic innervation of the PVN in 

male rats prevents CVS-induced increases in synaptophysin and vGluT2 expression on 

presynaptic afferents (Flak et al., 2014), suggesting that sensitization of PVN glutamatergic 

transmission is dependent on adrenergic/noradrenergic circuits. Further, loss of PVN-projecting 

epinephrine and norepinephrine cells reduces HPA axis responses to acute restraint and 

diminishes ACTH release after CVS (Flak et al., 2014). Altogether, chronic stress may facilitate 

neuroendocrine stress responses by enhancing adrenergic and glutamatergic transmission in 

ascending brainstem-PVN projections. 

 

1.4.2 Forebrain projections 

The NTS, LC, and VLM also generate distinct patterns of ascending projections that 

target the forebrain. For instance, LC projections that signal through hippocampal beta-
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adrenergic receptors mediate the discrimination of aversive contextual stimuli (Seo et al., 2021), 

while LC inputs to beta-adrenergic receptors in the basolateral amygdala promote anxiety-like 

avoidance behaviors (Mccall et al., 2017). Additionally, VLM catecholaminergic projections to 

the midline thalamus are necessary for glucoprivation-induced food seeking (Beas et al., 2020). 

While much of the work on forebrain adrenergic/noradrenergic signaling has focused on 

behavior, multiple studies have utilized retrograde catecholaminergic toxins to examine the 

ascending circuitry of neuroendocrine control. Reduction of adrenergic/noradrenergic inputs to 

the bed nucleus of the stria terminalis from the NTS and VLM inhibits glucocorticoid responses 

to a systemic α2-adrenergic receptor antagonist (Banihashemi & Rinaman, 2006). Similarly, 

removal of adrenergic/noradrenergic innervation of frontal cortex by the LC attenuates HPA axis 

responses to restraint (Radley et al., 2008). Chronic stress impacts ascending 

adrenergic/noradrenergic circuits as social defeat in male rats increases DBH protein levels in the 

LC, hippocampus, frontal cortex, and amygdala (Fan et al., 2013). Human and non-human 

primate studies suggest that either high or low norepinephrine release in the frontal cortices 

during stress exposure leads to cognitive impairment (Arnsten, 2009, 2015), signifying that 

cortical norepinephrine functions with an inverted-U dose response (Arnsten, 2011). However, 

less is known about how prolonged stress may alter adrenergic/noradrenergic interactions with 

the forebrain to regulate endocrine-autonomic integration. 

 

1.5 Descending adrenergic and noradrenergic projections 

1.5.1 Bulbospinal neurons 

Descending epinephrine- and norepinephrine-producing circuits provide neurogenic 

regulation of the sympathetic stress response (Saper & Stornetta, 2014). Specifically, 
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adrenergic/noradrenergic axonal processes are present in the intermediolateral cell column, 

superficial dorsal horn, ventral horn motor neuron pools, and lamina X of the spinal cord 

(Fritschy & Grzanna, 1990; Westlund et al., 1983). Despite some variations in bulbospinal 

tracing studies, adrenergic/noradrenergic projections largely arise from the NTS C2 and A2, 

VLM C1, and LC (Bruinstroop et al., 2012; Loewy & Burton, 1978; Morrison et al., 1988; 

Strack et al., 1989). Descending adrenergic/noradrenergic circuits are sympathoexcitatory with 

VLM C1 neurons particularly important for sympathetic control of the cardiovascular system ( 

Dampney, 2015; Guyenet et al., 2013) and SAM axis activation after stress (Ruth L. Stornetta & 

Guyenet, 2018; Zhao et al., 2017). Reflexive circuitry connecting NTS and VLM also underlies 

long-term blood pressure control (Dampney et al., 2002; Guyenet et al., 2020).    

 

1.5.2 The baroreflex 

Interoceptive inputs to the NTS regulate VLM activity and gate sympathetic outflow 

from C1 neurons via the baroreflex (Andresen et al., 2001). Here, carotid sinus and aortic arch 

baroreceptors transmit mechanical stretch sensation via the glossopharyngeal and vagal nerves 

(Benarroch, 2008). These afferents synapse in the NTS where second-order glutamatergic 

neurons stimulate GABAergic neurons in the caudal VLM that then inhibit rostral VLM C1 

activity. This reflexive circuit allows arterial pressure to influence sympathetic output and 

maintain cardiovascular homeostasis (Dampney et al., 2002; Madden & Sved, 2003). Notably, 

chronic stress reduces baroreflex sensitivity leading to increased blood pressure and decreased 

heart rate variability (Firmino et al., 2019; Grippo et al., 2002), exacerbating risk for 

cardiovascular disease development (Kivimäki & Steptoe, 2017; Steptoe & Kivimäki, 2012). 

Accordingly, multiple studies employing rodent models of elevated blood pressure (e.g. 
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spontaneously hypertensive, obese, or salt-sensitive) point to elevated tonic activity of C1 

neurons as a substrate for sympathetic-mediated hypertension (Huber & Schreihofer, 2011; Ito et 

al., 2000, 2001; Minson et al., 1996; Stocker et al., 2007). In all, imbalanced activity of NTS 

afferents and C1 efferents is likely to disrupt homeostatic adaptation and broadly impact health 

(Guyenet et al., 2020). 

 

1.6 Endocrine-autonomic integration by adrenergic/noradrenergic nuclei 

1.6.1 Endocrine feedback and autonomic function 

Glucocorticoid feedback in adrenergic/noradrenergic nuclei coordinates long-term 

physiological regulation (Scheuer, 2010). Chronic corticosterone administration in the dorsal 

hindbrain increases resting heart rate and arterial pressure, as well as stress-induced pressor 

responses (Scheuer et al., 2004, 2007). Additionally, chronic dorsal medulla GR antagonism in 

borderline hypertensive rats attenuates arterial pressure responses to acute and repeated restraint 

(Bechtold et al., 2009), suggesting the NTS mediates glucocorticoid effects on blood pressure. 

However, blockade of GR in the A2 region of the NTS sensitizes HPA axis responses to acute 

and chronic stress and promotes anxiety-like avoidance behaviors. Taken together, these data 

suggest that GR signaling may inhibit the NTS to both enhance negative feedback of the HPA 

axis and impair the afferent limb of the baroreflex. In fact, a recent study reports that GR 

signaling in the NTS inhibits presynaptic glutamate afferents through retrograde cannabinoid 

signaling (Ragozzino et al., 2020). Similar mechanisms may act in the LC, where GR signaling 

prevents TH mRNA upregulation after acute stress (Makino et al., 2002). While corticosteroid 

receptors are expressed throughout the VLM (Reul & De Kloet, 1985; Sosa et al., 2023), much 

less is known regarding the impacts on endocrine-autonomic integration.   
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The interplay between neuroendocrine and autonomic function also relies on PVN inputs 

to adrenergic/noradrenergic nuclei. PVN projections to the NTS, VLM, and LC arise 

predominately from CRH- and vasopressin-expressing neurons (Swanson & Sawchenko, 1980; 

Zhao et al., 2017). These projections largely drive postsynaptic excitation and coexpress 

glutamatergic markers (Hernández-Pérez et al., 2019). Vasopressin and CRH projections from 

the PVN to the NTS stimulate barosensitive NTS neurons to elevate blood pressure and heart 

rate (Hegarty & Felder, 1997; Wang et al., 2019). Activation of the LC by hypotensive stress is 

also CRH-dependent (Curtis et al., 1994; Valentino et al., 1991). Conversely, optogenetic 

stimulation of PVN CRH terminals in the VLM does not modulate counterregulatory glycemic 

responses (Zhao et al., 2017). While early life maternal separation increases the density of 

vasopressin inputs to the LC (Hernández-Pérez et al., 2019), the broader role of PVN projections 

to adrenergic/noradrenergic neurons in long-term stress regulation is not well understood. 

However, chronic stress reduces GR expression in the PVN and increases CRH and vasopressin 

(Chappell et al., 1986; Herman et al., 1995; Ma et al., 1999; Makino et al., 1995), suggesting 

impaired HPA axis negative feedback and increased outflow from the PVN may enhance the 

activity of projections to the hindbrain.  

 

1.6.2 Brainstem circuit integration 

Brainstem catecholaminergic neurons are densely interconnected through direct synaptic 

communication (Owens & Verberne, 2001). Specifically, vagal-dependent reflex arcs stimulate 

NTS norepinephrine and glutamate outputs to inhibitory VLM neurons to attenuate C1 activity 

(Schreihofer & Guyenet, 2002; Verberne, 1996; Verberne et al., 1999). There is also regional 

differentiation of cell group function. Chemogenetic activation of distinct cell populations across 



 

13 
 

the rostral-caudal axis of the VLM demonstrates that corticosterone release is stimulated by the 

rostral A1 cells that transition to C1, whereas glucose mobilization is controlled by the cells in 

mid and rostral C1 (Li et al., 2018; Ritter et al., 2019). Thus, hindbrain adrenergic/noradrenergic 

cells form an interwoven network to promote physiological adaptation. However, other aspects 

of adrenergic/noradrenergic circuit integration remain to be determined. For example, 

adrenergic/noradrenergic nuclei interact with preganglionic parasympathetic neurons, likely 

shifting autonomic balance. Although VLM C1 epinephrine neurons can activate pre-ganglionic 

neurons of the dorsal motor nucleus of the vagus, how these circuits regulate processes such as 

cardiac output and gastric function under differing environmental contexts requires more 

investigation (Card et al., 2006; Cheng et al., 1999; DePuy et al., 2013; Machhada et al., 2015; 

Travagli et al., 2006). Moreover, this review has focused on the adrenergic/noradrenergic cell 

groups that have been most thoroughly investigated; however, additional noradrenergic regions 

such as A5 and A7 are also likely integrators of stress physiology (Kvetnansky et al., 2006; 

Souza et al., 2022). Additional investigation of adrenergic/noradrenergic brainstem networks 

would provide more mechanistic information about the fine-tuning of physiological response 

patterns and the pathogenesis of negative health states.  

 

1.7 Sex differences in adrenergic/noradrenergic nuclei 

1.7.1 Female-specific regulation  

Most studies of VLM and NTS adrenergic/noradrenergic cells have focused exclusively 

on males. Conversely, the pioneering work of Valentino and colleagues has uncovered 

significant sex differences in stress-related LC function (Bangasser et al., 2016; Bangasser & 

Valentino, 2012; Valentino et al., 1993; Wood & Valentino, 2017). The female LC is structurally 
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larger with more norepinephrine neurons and greater dendritic arborization than males 

(Bangasser et al., 2011; Guillamón et al., 1988). Further, female LC neurons have increased 

postsynaptic sensitivity to CRH via enhanced g-protein-dependent cAMP signaling (Curtis et al., 

2005). Interestingly, sex differences in LC CRH signaling are stress-dependent as the male LC 

amplifies CRH sensitivity after stress exposure, while female LC CRH signaling is stable 

regardless of stress history (Bangasser et al., 2010; Curtis et al., 2005). Additionally, CRH 

overexpression in mice disproportionately increases female LC tonic firing relative to males 

(Bangasser et al., 2013). There are also sex differences in CRH receptor internalization with 

elevated CRH reducing male dendritic receptor expression while female receptor expression is 

maintained (Bangasser et al., 2010, 2013; Reyes et al., 2006, 2008). These studies collectively 

demonstrate sexual dimorphism of LC stress-responsiveness and suggest that sex-specific 

signaling may be present in other catecholaminergic cell groups. 

 

1.7.2 Estrogen receptor expression 

Sex differences in LC noradrenergic activity and function may relate to hormonal and/or 

chromosomal differentiation. The concentration of hypothalamic norepinephrine varies with 

reproductive status and is highest during proestrus (Selmanoff et al., 1976). Likewise, estradiol 

increases norepinephrine in the hippocampus, cortex, and hypothalamus of ovariectomized rats 

(Alfinito et al., 2009; Lubbers et al., 2010). Together, these data suggest that increased 

norepinephrine release may be a result of estrogenic signaling. Importantly, the NTS, VLM, and 

LC express estrogen receptor alpha (ERa) and beta (ERb) (Hay, 2016; Mitra et al., 2003; Saleh 

& Connell, 2000; Shughrue et al., 1997; Simerly et al., 1990; Spary et al., 2009; G. Wang et al., 

2006). Estradiol treatment upregulates expression of TH and DBH in the LC and NTS (Serova et 
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al., 2002; Serova et al., 2004). However, ERb in the rostral VLM reduces the excitability of 

adrenergic/noradrenergic neurons and elicits vasodepressor effects in male and female rodents 

that also protect female mice from aldosterone/salt-induced hypertension (Shih, 2009; G. Wang 

et al., 2006; Xue et al., 2013). Therefore, the relative distribution of ERa and ERb may increase 

LC and NTS adrenergic/noradrenergic signaling while restricting VLM output. Ultimately, 

adrenergic/noradrenergic neurons acts as central regulators of endocrine-autonomic integration 

and may contribute to sex differences in stress-related outcomes (Handa et al., 2022; Littlejohn et 

al., 2020).  

 

1.8 Conclusion 

The hindbrain regions that synthesize epinephrine and norepinephrine play a pivotal role 

in coordinating endocrine and autonomic responses to stress. These cells interpret interoceptive 

and exteroceptive cues and coordinate physiology and behavior to maintain homeostasis. The 

NTS, VLM, and LC are the primary sources of epinephrine and norepinephrine in the brain. 

During acute stress, increased adrenergic and noradrenergic activity leads to widespread 

physiological adaptation that increases HPA axis activity, heart rate, blood pressure, and glucose 

mobilization (Stornetta & Guyenet, 2018). Chronic stress can alter catecholamine biosynthesis 

which may impact signaling and, subsequently, stress-related health outcomes. Ascending 

adrenergic/noradrenergic projections to forebrain nuclei, including the hypothalamus, and 

descending spinal projections are critical for integrating neuroendocrine and autonomic 

functions. Although significant progress has been made in understanding the functional 

organization of this circuitry, many questions related to the importance of sex and stress history 

remain. Investigating the neural and endocrine regulation of brainstem adrenergic and 
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noradrenergic nuclei holds considerable promise for advancing our knowledge of stress-related 

physiology and the consequences for health and well-being. 
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Chapter 2 – Cortical-brainstem circuitry attenuates physiological stress reactivity2 
 

2.1 Introduction 

Organismal adaptation to stress is essential for survival. These adaptations are dependent 

on forebrain structures such as the ventromedial prefrontal cortex (vmPFC) that appraise 

stressful stimuli and orchestrate appropriate responses (Duncan, 2001; McKlveen et al., 2015; 

Ulrich-Lai & Herman, 2009). Additionally, stress-related disorders such as depression and post-

traumatic stress disorder are associated with altered structure and function of the vmPFC 

(Drevets et al., 1997; Drevets et al., 2008; Hamani et al., 2011; Liotti et al., 2000). In rodents, 

male vmPFC glutamate neurons promote socio-motivational behaviors and reduce physiological 

stress responses, including hyperglycemia, tachycardia, and corticosterone release (Myers et al., 

2017; Schaeuble et al., 2019; Wallace et al., 2021). Notably, vmPFC neurons do not directly 

project to neurosecretory cells or preganglionic sympathetic neurons, requiring intervening 

effector(s) to modulate physiological responses (Ulrich-Lai & Herman, 2009). Tract-tracing 

experiments examined long-range vmPFC projections to the brainstem with some reporting 

projections to the rostral ventrolateral medulla (RVLM) (Gabbott et al., 2005; Hurley et al., 

1991), a key pre-sympathetic nucleus. Moreover, vmPFC neurons innervate catecholaminergic 

and non-catecholaminergic neurons in the RVLM (Gabbott et al., 2007). However, little is 

known about the stress responsiveness or function of vmPFC projections to the medulla, nor 

whether cortical inputs activate the epinephrine/norepinephrine-producing neurons that initiate 

physiological stress responses.  

_______________________ 

2 Pace SA, Lukinic E, Wallace T, McCartney C & Myers B. Cortical-brainstem circuitry 
attenuates physiological stress reactivity. Accepted at Journal of Physiology 
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Brainstem catecholaminergic neurons are evolutionarily-conserved nuclei facilitating 

metabolic, neuroendocrine, and autonomic responses to physical and psychological stimuli 

(Ritter et al., 2019; Stornetta & Guyenet, 2018). Specifically, catecholaminergic neurons in the 

RVLM activate spinal preganglionic sympathetic neurons to elicit widespread physiological 

adaptations, including vasoconstriction and hyperglycemia (Guyenet et al., 2013). Additionally, 

ascending RVLM projections target paraventricular hypothalamic neuroendocrine cells that 

initiate hypothalamic-pituitary-adrenal (HPA) axis glucocorticoid release (Card et al., 2006; 

Stornetta et al., 2016). Collectively, these physiological effects support a vital homeostatic role 

for RVLM catecholaminergic neurons (Ritter, 2017). However, the mechanisms regulating 

RVLM activity during stress have received limited attention. Further, little is known regarding 

the functional effects of forebrain circuits targeting the RVLM. Here, we examined cortical 

afferents targeting the RVLM and the neurogenic regulation of stress reactivity by the prefrontal-

medullary neural circuit.  

To determine if glutamatergic vmPFC projections target RVLM catecholaminergic 

neurons, an anterograde genetically-encoded vmPFC tract-tracing approach was used to quantify 

cortical appositions onto epinephrine/norepinephrine-synthesizing neurons throughout the 

ventrolateral medulla. Further, dual retrograde-transported viruses were used to determine 

cortical-medullary projections' circuit organization and stress responsiveness. Next, optogenetic 

stimulation of vmPFC synapses in the RVLM was used to examine motivational behavior as well 

as glycemic and glucocorticoid responses to stress as end products of the sympathetic and HPA 

axes, respectively (Bialik et al., 1988; Myers et al., 2014). Additionally, vmPFC-RVLM 

stimulation tissue was assessed to examine catecholaminergic and non-catecholaminergic 
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cellular activation and vmPFC projections onto RVLM inhibitory GABAergic and glycinergic 

neurons.  

 

2.2 Methods 

2.2.1 Animals 

Adult male and female Sprague-Dawley rats (Envigo, Denver, CO) weighing 250-300g 

and 150-200g, respectively were housed in temperature- and humidity-controlled vivarium with 

a 12-hour light-dark cycle (lights on at 0600, and off at 1800). Holding rooms were restricted to 

same-sex conspecific rats. Incoming rats were acclimated to the vivarium for 1-week before the 

start of the experiment. Water and chow were available ad libitum throughout the experiment. 

All procedures and protocols were approved by the Institutional Animal Care and Use 

Committee of Colorado State University (protocol: 1392) and complied with the National 

Institutes of Health Guidelines for the Care and Use of Laboratory Animals. The experimental 

procedures used in the current experiments received veterinary consultation and all animals had 

daily welfare assessments by veterinary and/or animal medical service staff. 

 

2.2.2 Experimental Design 

 Experiment 1 was an anterograde tract-tracing experiment comprised of 5 male and 4 

female rats for identification of inputs to catecholamine-producing cells. 3 male and female rats 

from this experiment were also used to for immunolabeling RVLM inhibitory neurons to 

examine vmPFC terminals appositions. Experiment 2 was a retrograde tract-tracing experiment 

comprised of 5 male and female rats. Experiment 3 was a vmPFC-RVLM circuit stimulation 

study that used 2 cohorts of male rats to generate 16 ChR2 and 12 YFP rats. 1 cohort of female 
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rats was used to produce 17 ChR2 and 11 YFP rats. All cohorts were run separately, and all rats 

underwent real-time place preference (RTPP) and restraint stress. Tissue from Experiment 3 was 

used for Experiment 4, which examined the neurochemical identity of cells activated by vmPFC-

RVLM stimulation. 

 

2.2.3 Stereotaxic Surgery 

Male and female rats were anesthetized with aerosolized isoflurane (1-5%) and 

administered an analgesic (0.6 mg/kg buprenorphine-SR, subcutaneous) as previously described 

(Wallace et al., 2021). For anterograde tract-tracing experiments (Experiment 1), rats received 

bilateral microinjections (males 1.5 µL, females 1 µL) of adeno-associated virus (AAV) 

constructs (UNC Vector Core, Chapel Hill, NC) in the vmPFC (males: 0.6 mm lateral to midline, 

2.7 mm anterior to bregma, and 4.2 mm ventral from dura; females: 0.5 mm lateral to midline, 

2.3 mm anterior to bregma, and 4 mm ventral from dura). This experiment used an AAV5-

packaged construct to induce expression of yellow fluorescent protein (YFP) under a 

calcium/calmodulin-dependent protein kinase II alpha (CaMKIIα) promoter. CaMKIIα 

promoters predominantly induce expression in excitatory glutamatergic neurons (Wood et al., 

2019). For retrograde tract-tracing experiments (Experiment 2), rats received 2 separate 

unilateral microinjections (males 0.2 µL, females 0.15 µL) of retrograde-transported AAV 

(AAVretro) constructs (Addgene) in the RVLM and CVLM (RVLM-males: +1.9 mm lateral to 

midline, -12.25 mm posterior to bregma, and -10.4 mm ventral from skull; CVLM-males: +1.85 

mm lateral to midline, -12.45 mm posterior to bregma, -12.00 mm ventral from skull, and angled 

at -8o directed-posteriorly; RVLM-females: +1.8 mm lateral to midline, -12 mm posterior to 

bregma, and -10.1 mm ventral from skull; CVLM-females: +1.65 mm lateral to midline, -12.40 
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mm posterior to bregma, -11.3 mm ventral from skull, and angled at -8o directed-posteriorly). An 

AAVretro construct encoding a mCherry fluorophore targeted the RVLM while an AAVretro 

encoding a GFP fluorophore targeted the CVLM. Injection laterality was counter-balanced 

throughout the experiment. AAVretro constructs expressed under a human synapsin promoter 

(hSyn1). For optogenetic terminal stimulation experiments (Experiment 3), rats received bilateral 

microinjections (males 1.5 µL, females 1 µL) of AAV constructs (UNC Vector Core) in the 

vmPFC (males: 0.6 mm lateral to midline, 2.7 mm anterior to bregma, and 4.2 mm ventral from 

dura; females: 0.5 mm lateral to midline, 2.3 mm anterior to bregma, and 4 mm ventral from 

dura). AAV5-packaged constructs induced expression of YFP in control rats or 

channelrhodopsin-2 (ChR2) conjugated to YFP. These viral constructs were under the control of 

the hSyn promoter as long-range vmPFC projection neurons are overwhelming glutamatergic 

(Myers et al., 2014). All microinjections used a 25-gauge, 2-µL microsyringe (Hamilton, Reno, 

NV) and a microinjector (Kopf, Tujunga, CA) at a rate of 5 minutes/µL for vmPFC injections 

and a rate of 10 minutes/L for RVLM and CVLM injections. For RVLM injections, the needle 

was lowered ventrally to -6 mm from the skull and then lowered in -0.5 mm increments every 4 

minutes to reduce damage to the respiratory column. The needle was left in place for 10 minutes 

before and after injections to facilitate viral diffusion. The skin was closed with wound clips that 

were removed after 2 weeks of recovery. 6 weeks of incubation was given to ensure appropriate 

viral construct expression (Wallace et al., 2021; Wood et al., 2019). 

 

2.2.4 Fiber Optic Cannulations 

For Experiment 3, male and female rats were anesthetized with aerosolized isoflurane (1-

5%) and administered an analgesic (0.6 mg/kg buprenorphine-SR, subcutaneous) and antibiotic 
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(5 mg/kg gentamicin, intramuscular) 4 weeks after microinjections. Unilateral fiber optic 

cannulas (flat tip, 200 μm diameter, 9.7 mm long for males, 9.4 mm long for females) (Doric 

Lenses, Québec, Canada) targeted the RVLM (males: +1.82 mm lateral to midline, -12.25 mm 

posterior to bregma, and -10.2 mm ventral from bregma; females: +1.79 mm lateral to midline, -

11.9 mm anterior to bregma, and -9.95 mm ventral from bregma). Fiber optic laterality was 

counterbalanced, and cannulas were secured via a dental cement headcap (Stoelting, Wood Dale, 

IL) using dispersed metal screws (Plastics One, Roanoke, VA) as support points. Skin was 

sutured closed then sutures were removed 10-14 days later. After 2 weeks of recovery, rats 

underwent 3 days of handling for habituation to tethering. 

 

2.2.5 Photostimulation Parameters 

 Light pulses (5.9-6.4 mW, 5 ms pulses, 10 Hz) were delivered through a fiber-optic patch 

cord (400 µm core diameter, NA = 0.57; Doric Lenses, Québec, Canada) connected to a 473 nm 

LED driver (Doric Lenses) (Wallace et al., 2021). Optic power was measured using a photodiode 

sensor (PM160; Thorlabs Inc, Newton, NJ) at the cannula fiber tip in a dark room.  

 

2.2.6 Estrous Cycle Cytology 

Female rats for each experiment were run simultaneously, housed in the same room, and 

swabbed for estrous cycle cytology. Following experimental assays, vaginal cytology was 

examined to approximate the estrous cycle stage. A cotton swab dipped in deionized water was 

used to collect cells from the vaginal canal and roll them onto a glass slide. When dried, slides 

were viewed under a 10x objective light microscope by a minimum of two blind observers and 

were categorized as proestrus, estrus, metestrus, or diestrus (Cora et al., 2015; Solomon et al., 
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2007; Wallace et al., 2021). Any cases with differing estrous stages were resolved by a third 

blind observer. The distribution of rats in each estrous phase are in Table S1 for each in vivo 

assay.   

 

2.2.7 Restraint Stress 

Restraint stress was used for identifying stress-activated cells (Experiment 2) and to 

examine neuroendocrine responses to acute stress (Experiment 3). Rats were placed in plastic 

decapicones (Braintree Scientific, Braintree, MA) and a small window was cut in the plastic to 

expose the cannula as previously described (Wallace & Myers, 2023). Next, fiber-optic patch 

cords were attached for optic stimulation throughout the 30-minute restraint. Blood samples were 

collected via tail clip at the start of restraint with sequential samples taken at 15- and 30-minute 

timepoints (Myers et al., 2017). At 30 minutes, patch cords were detached and rats returned to 

the homecage for recovery. Additional blood samples were collected at 60- and 90-minute 

timepoints. Blood glucose was measured as an indicator of sympathetic outflow to the periphery 

as acute glucose mobilization is epinephrine-dependent and enhanced by RVLM 

catecholaminergic stimulation (Zhao et al., 2017). Blood glucose was measured with Contour 

Next EZ glucometers (Bayer, Parsippany, NJ) and an average of 2 readings were used at each 

time point. Blood samples were centrifuged at 3000 × g for 15 minutes at 4° C and plasma was 

stored at −20° C until ELISA analysis. Plasma corticosterone was measured using an ENZO 

Corticosterone ELISA (ENZO Life Sciences, Farmingdale, NY) with an intra-assay coefficient 

of variation of 8.4% and an inter-assay coefficient of variation of 8.2% (Bekhbat et al., 2018; 

Dearing et al., 2021). 
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2.2.8 Real-Time Place Preference  

The RTPP assay was used to assess valence, or the hedonic quality of vmPFC-RVLM 

stimulation (Stamatakis & Stuber, 2012). Cannulated rats were attached to fiber-optic patch cord 

for light delivery and rats were placed in a matte black fiberglass arena (Alpha Plastics and 

Design, Fort Collins, CO) with two chambers connected by a corridor (chambers: 15” x 15”; 

corridor: 8” x 6”; entire arena 15” deep). Rats explored the arena for 15 minutes for habituation. 

During another 15-minute session the next day, rats received 473 nm light pulses when 

occupying an assigned stimulation chamber. Assigned stimulation chambers were counter-

balanced and animal testing was randomized throughout the experiment. Each trial was recorded 

by a camera mounted above the arena and rat movement was tracked using Ethovision software 

(Noldus Information Technologies, Leesburg, VA). Tracking software was linked to the LED 

drivers to automate optics during the assay by a mini USB-IO box (Noldus Information 

Technologies). The time rats spent on the stimulation side was divided by the total time and 

multiplied by 100 to calculate the percentage of time spent on the stimulation side. 

 

2.2.9 Tissue Collection 

After experiments, all rodents were anesthetized using sodium pentobarbital (≥100 

mg/kg, intraperitoneal) and then transcardially perfused with 0.9% saline followed by 4% 

phosphate-buffered paraformaldehyde. Brains were post-fixed in paraformaldehyde overnight 

and then stored in 30% sucrose at 4 °C. Brains were subsequently sectioned (30 μm thick 1:12 

serial coronal sections) and stored in cryoprotectant solution at −20 °C until 

immunohistochemistry. Rats in experiment 2 were exposed to a 30 min restraint stressor 90 min 

prior to euthanasia. Rats involved in experiment 3 received optical stimulation before tissue 
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collection. Rats were tethered to a fiber optic patch cord and received 5 min of optic stimulation 

(5.9-6.4 mW, 5 ms pulses, 10 Hz) followed by 90 min of recovery for immediate-early gene (c-

Fos) expression before euthanasia, as described above. 

 

2.2.10 Immunohistochemistry 

 For fluorescent labeling of dopamine beta-hydroxylase (DBH), coronal sections were 

removed from the cryoprotectant and rinsed in phosphate buffered saline (PBS) (5 x 5 min) at 

room temperature. Sections were then moved to blocking solution (PBS, 0.1% bovine serum 

albumin, 0.2% Triton X-100) for 1 hr. Sections were then incubated overnight in mouse anti-

DBH primary antibody (1:2500 in blocking solution, MAB394, RRID: AB_94983; 

MilliporeSigma, Burlington, MA). Next, sections were rinsed in PBS (5 x 5 min) and then 

incubated in donkey anti-mouse Cy3 secondary antibody (1:200 in PBS, 715-165-020, RRID: 

AB_2340811; Jackson ImmunoResearch, West Grove, PA) for 1 hr. The tissue was then washed 

in PBS (5 x 5 min) and placed into a DAPI stain solution (300 nM in PBS, D3571, RRID: 

AB_2307445; ThermoFisher Scientific, Portsmouth, NH) for 10 minutes. After another PBS 

wash (5 x 5 min), the tissue was mounted in polyvinyl medium and cover-slipped for imaging.  

For fluorescent labeling of c-Fos (Experiment 3), coronal sections were rinsed in PBS (5 

x 5 min) and moved to blocking solution (PBS, 0.1% bovine serum albumin, 0.2% Triton X-100) 

for 1 hr. Sections were incubated for 48 hours in rabbit anti-c-Fos primary antibody (1:1000 in 

blocking solution, 226_003, waiting on RRID approval; Synaptic Systems, Goettingen, 

Germany). Next, sections were rinsed in PBS (5 x 5 min) and incubated in donkey anti-rabbit 

Cy5 secondary antibody (1:1000 in PBS, 711-175-152, RRID: AB_2340607; Jackson 

ImmunoResearch) for 1 hr. After, the tissue was washed in PBS (5 x 5 min), mounted in 
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polyvinyl medium, and cover-slipped for imaging. For retrograde tract-tracing experiments 

(Experiment 2), a different version of the c-Fos antibody (226_008, Synaptic Solutions, 

Goettingen, Germany) was used due to the original version being discontinued. 

 When double labeling DBH and c-Fos (Experiment 4), sections were rinsed in PBS (5 x 5 

min) then moved to blocking solution (PBS, 0.1% bovine serum albumin, 0.2% Triton X-100) 

for 1 hr. Subsequently, sections were incubated overnight in mouse anti-DBH primary antibody. 

Next, sections were rinsed in PBS (5 x 5 min) then incubated in donkey anti-mouse Cy3 

secondary antibody for 1 hr. The tissue was then washed in PBS (5 x 5 min) and blocking 

solution (PBS, 0.1% bovine serum albumin, 0.2% Triton X-100) for 1 hr. Sections were 

incubated for 48 hours in rabbit anti-c-Fos primary antibody. Next, sections were rinsed in PBS 

(5 x 5 min) and incubated in donkey anti-rabbit Cy5 secondary antibody for 1 hr. Lastly, the 

tissue was washed in PBS (5 x 5 min), mounted in polyvinyl medium, and cover-slipped for 

imaging.  

 To visualize GABA, sections were retrieved, rinsed, and incubated for 4 hr in blocking 

solution (7.5% normal goat serum, 6% BSA, 1.5% normal donkey serum in 50 mM KPBS). 

Sections were then incubated in rabbit anti-GABA primary antibody (1:250 in blocking solution, 

AB141, RRID: AB_11214017; MilliporeSigma) for 60 h. Primary antibody labeling was 

amplified with biotinylated goat anti-rabbit IgG for 2 hr (1:500 in PBS, BA-1000, RRID: 

AB_2313606; Vector Laboratories; Burlingame, CA) followed by Vectastain ABC Solution for 

1 hr (1:500 in PBS, PK-7100, RRID: AB_2336827; Vector Laboratories) then Cy3-conjugated 

streptavidin for 1 hr (1:500 in PBS, 016-160-084, RRID: AB_2337244; Jackson 

ImmunoResearch). Finally, the tissue was washed in PBS (5 x 5 min), mounted in polyvinyl 

medium, and cover-slipped for imaging. 
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 For immunolabeling glycine transporter 2 (GlyT2), sections were rinsed and blocked for 

1 hr (PBS, 0.1% bovine serum albumin, 0.2% Triton X-100). Sections were incubated for 48 

hours in rabbit anti-GlyT2 primary antibody (1:1000 in blocking solution, Af1290, RRID: 

AB_2571606; Frontier Institute, Japan, Shinkonishi). Sections were then rinsed in PBS (5 x 5 

min) and incubated in donkey anti-rabbit Cy5 secondary antibody (1:1000 in PBS, 711-175-152, 

RRID: AB_2340607; Jackson ImmunoResearch) for 1 hr. After, the tissue was washed in PBS (5 

x 5 min), mounted in polyvinyl medium, and cover-slipped for imaging.  

 

2.2.11 Microscopy  

 All fluorescent microscopy used a Zeiss Axio Imager Z2 microscope (Carl Zeiss 

Microscopy, Jena, Germany) and the corresponding ZEN 2.6 blue edition software (Carl Zeiss 

Microscopy). To determine injection placement, YFP was imaged using the 10x objective, while 

YFP and DBH dual fluorescence imaging used a 63x objective and 0.5-μm thick optical 

sectioning to produce Z-stacks. For mapping AAVretro-mCherry and -GFP injections and 

labeled cells, 20x tiled images were taken. Co-localization was defined as purple or yellow 

fluorescence from the overlap between labeled mCherry or GFP terminals and c-Fos Cy5. 

RVLM cannula placements were mapped using a 10x tiled slide scan. For c-Fos and c-Fos/DBH 

quantification after stimulation, 10x tiled images were acquired to determine if nuclear c-Fos 

labeling was surrounded by the cytosolic DBH labeling. Lastly, GABA and GlyT2 were imaged 

with a 63x objective and 0.5-μm thick optical sectioning. In all imaging cases, an off-channel 

filter was used to exclude auto-fluorescent cells that may affect results. 
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2.2.12 Image Analysis 

 For anterograde tract-tracing experiments (Experiment 1), Carl Zeiss Images (CZIs) were 

imported to a computer equipped with Imaris 8.1.2 (Oxford Instruments, Oxford, UK) to identify 

and quantify DBH-labeled neurons and YFP-expressing vmPFC terminals. Further, high-

magnification 3-D imaging enabled identification of putative terminal appositions on medullary 

cell bodies, or YFP-expressing fibers overlapping with DBH-labeled neurons. For retrograde 

tract-tracing experiments (Experiment 2), tiled CZI images were analyzed using ImageJ Fiji (ver. 

1.51N) to quantify RVLM- and CVLM-projecting vmPFC neurons. For c-Fos quantification of 

vmPFC-RVLM terminal stimulation cases (Experiment 3), ImageJ Fiji was utilized to quantify 

c-Fos-labeled cells in the RVLM. For c-Fos/DBH colocalization experiments (Experiment 4), 

ImageJ Fiji was used to quantify the number of cells expressing c-Fos and DBH separately or 

together. Colocalization was defined by nuclear c-Fos-Cy5 signal surrounded by DBH-Cy3 

signal. 

 

2.2.13 Neuroanatomy 

To anatomically delineate mPFC, the bregma location and area delineations of each 

tissue section were defined according to the Brain Maps III: Structure of the Rat Brain (Swanson, 

2004). The atlas was used to identify the anterior forceps of the corpus callosum as the lateral 

boundary and the coronal midline as the medial boundary. The rostral-caudal emergence of the 

corpus callosum was used to divide the subregions from dorsal to ventral and the subependymal 

zone guided the identification of the ventral vmPFC boundary. To delineate the RVLM, The Rat 

Brain atlas (Paxinos & Watson, 2006) was used for area delineations and landmark identification 

throughout the brainstem. The RVLM lacks distinct cytoarchitecture, therefore, DBH-labeling 
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was repeatedly used to identify the RVLM while landmarks such as the facial nucleus served as 

the rostral boundary, spinal trigeminal nucleus served as the lateral boundary, and lateral 

portions of the inferior olive guided distinguishing the medial boundary. Regarding VLM 

subregions, The Rat Brain atlas (Paxinos and Watson, 2006) defines the whole VLM as -12.00 to 

-15.00 mm from bregma, with catecholaminergic populations transitioning from C1, C1/A1, and 

A1 in a rostro-caudal orientation. We used these catecholaminergic populations to define what 

we considered RVLM (-12.00 to -13.56 mm posterior to bregma), intermediate VLM (-13.68 to -

14.16 mm posterior to bregma), and CVLM (Bregma -14.28 to -15.00 mm posterior to bregma) 

(Li et al., 2018). Notably, our classification regards the RVLM as containing catecholaminergic 

neurons that have bulbospinal as well as ascending projections. Further, templates of rat brain 

coronal sections from Brain Maps III (Swanson, 2004) were used to illustrate virus and cannula 

placement.  

 

2.2.14 Data Analysis 

Data are expressed as mean ± standard error of the mean. Data were analyzed using 

Prism 9 (GraphPad, San Diego, CA), with statistical significance set at p < 0.05 for all tests. A 

one-way ANOVA was used to analyze the number of cells with appositions and the number of 

appositions per cell across VLM subregions. For retrograde tract-tracing experiments, a one-way 

ANOVA was used to analyze density of medullary-projecting vmPFC neurons. Stimulation 

induced c-Fos counts were analyzed with Welch’s unpaired t-test comparing treatment groups. 

RTPP stimulation preference was assessed via Welch’s unpaired t-test comparing treatment 

groups. Corticosterone and glucose measured during restraint stress were analyzed using a 

repeated mixed-effects analysis with treatment and time as factors. If significant main or 
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interaction effects are present, then a Fisher’s post-hoc test was used. DBH/c-Fos colocalization 

analyses used a Welch’s unpaired t-test. Throughout all experiments, comparisons were limited 

to within-sex as differences in construct expression across sexes confound comparisons.  

 

2.3 Results 

2.2.1 vmPFC Glutamate Projections to Catecholaminergic VLM Neurons 

Microinjections of the viral construct expressing YFP under the CaMKIIα promoter 

targeted the vmPFC of adult male and female rats (Figure 2.1A), and placement was mapped 

using a rat brain atlas (Figure 2.1C,G). Anterograde injections typically infected fewer vmPFC 

starter neurons in females than males (average surface area of YFP injection site: males 2.149 

mm2; females 1.397 mm2). YFP-expressing vmPFC fibers were observed following viral 

transduction in the ventrolateral medulla (VLM) (Figure 2.1B). In the VLM, neurons were 

immunolabeled for the epinephrine- and norepinephrine-synthesis enzyme, DBH. Further, given 

the lack of cytoarchitectonic parcellations or laminations in the VLM, the presence of DBH+ 

neurons and the use of regional landmarks (facial, trigeminal, and olivary nuclei) helped to 

define VLM spatial boundaries. Next, putative appositions of YFP-expressing vmPFC fibers on 

catecholaminergic VLM cell bodies were quantified throughout the VLM in male (Figure 2.1D) 

and female (Figure 2.1H) rats. In males, vmPFC fibers apposed most DBH+ VLM neurons in the 

rostral, intermediate, and caudal portions of the VLM (Figure 2.1E). The quantity and density of 

vmPFC appositions on catecholaminergic neurons did not vary by VLM subregion, (Figure 

2.1E,F) [quantity of appositions, n = 6, one-way ANOVA (F(2,12) = 0.43, p = 0.66); number of 

appositions, n = 5, one-way ANOVA (F(2,12) = 0.57, p = 0.58). Similarly, in females, YFP-

expressing vmPFC fibers apposing DBH+ neurons were seen across the VLM (Fig. 1H, I) 
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[F(2,6) = 0.22, p = 0.98]. Again, appositions on DBH+ neurons were not significantly different 

by VLM subregion (Fig. 1J) [F(2,6) = 0.052, p = 0.95]. These anterograde tract-tracing studies 

revealed glutamatergic vmPFC neurons target catecholaminergic neurons throughout the VLM in 

male and female rats.  
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Figure 2.1 vmPFC neurons project to catecholaminergic neurons throughout the VLM. AAV-
YFP was injected into the vmPFC and terminal expression of YFP was identified in the VLM, 
scale bar: 1 mm, inset scale bar: 250 μm (A, B). Male rat microinjections were mapped onto 
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Swanson Rat Brain Atlas (3rd edition) coronal sections with the vmPFC outlined and rostral-
caudal distance to bregma noted above sections (C). YFP-expressing terminals apposed 
catecholaminergic neurons, labeled with DBH, arrowheads denote appositions, scale bar: 5 μm 
(D). vmPFC terminals apposed the majority of male DBH+ neurons throughout the VLM 
subregions (E). The number of vmPFC terminal appositions per each DBH+ VLM neuron was 
similar throughout the VLM (F). Female rat microinjections were mapped onto coronal sections 
with the vmPFC (red outline) and rostral-caudal distance to bregma noted above sections (G). 
Putative appositions of YFP-expressing on DBH+ neurons were observed, arrowheads denote 
appositions, scale bar: 5 μm (H). vmPFC terminal appositions similarly targeted DBH+ neurons 
throughout the female VLM and individual subregions (I). The number of vmPFC terminal 
appositions per each DBH+ VLM neuron was similar throughout the VLM (J). AAV-CaMKIIα-
eYFP: adeno-associated virus to express YFP under a calcium/calmodulin-dependent protein 
kinase II alpha promoter, DBH: dopamine beta-hydroxylase, RVLM: rostral ventrolateral 
medulla, vmPFC: ventromedial prefrontal cortex, YFP: yellow fluorescent protein. 
 
 

2.3.2 Organization and Stress Responsiveness of RVLM- and CVLM-Projecting vmPFC 

Neurons  

The parallel, divergent, or mixed circuit organization of stress-activated vmPFC 

ensembles that target the RVLM and CVLM was investigated. Dual injections of retrograde-

transported viruses separately targeted the RVLM and CVLM in the same subjects (Figure 

2.2A). AAVretro-mCherry was injected into the RVLM and AAVretro-GFP was injected into 

the CVLM (Figure 2.2B). Viral injection spread and placement were mapped using a rat brain 

atlas (Figure 2.2D,G). Here, the male and female vmPFC was surveyed for RVLM- and CVLM-

projecting neurons, as well as co-labeling of c-Fos in response to stress (Figure 2.2C). In males, 

no differences were seen in the density of vmPFC cells projecting to the RVLM and CVLM 

individually, as well as both the RVLM and CVLM [n = 3/group, one-way ANOVA: F(2,6) 

= 0.33, p = 0.73] (Figure 2.2E). Further, the percentage of stress-reactive vmPFC neurons did not 

change across neuroanatomical targets [n = 3/group, one-way ANOVA: F(2,6) = 0.14, p = 0.87] 

(Figure 2.2F). Similar trends were seen in females. No differences were evident between the 

density of vmPFC cells projecting to differing medullary areas [n = 3/group, one-way ANOVA: 
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F(2,9) = 1.07, p = 0.38] (Figure 2.2H). Additionally there were no differences between the 

percentage of stress-reactive vmPFC neurons across neuroanatomical targets [n = 3/group, one-

way ANOVA: F(2,9) = 0.33, p = 0.73] (Figure 2.2I). In all, stress-reactive vmPFC cells targeted 

the RVLM and CVLM through both parallel and divergent pathways. 

 

Figure 2.2 Stress-activated vmPFC neurons target the RVLM and CVLM. AAVretro constructs 
expressing mCherry or GFP were injected into the RVLM and the CVLM, respectively, scale 
bar: 1 mm, inset scale bar: 250 μm (A, B). mCherry- and GFP-labeled neurons were present in 
the vmPFC, as well as c-Fos+ cells following restraint stress, scale bar: 10 μm (C). Male and 
female rodent microinjections were mapped onto Swanson Rat Brain Atlas (3rd edition) coronal 
sections with the RVLM and CVLM outlined (D, G). In male rats, the density of vmPFC neurons 
projecting to the RVLM, CVLM, and both regions simultaneously were not statistically different 
(E). VLM-projecting neurons were stress-reactive across the vmPFC (F). In female rats, the 
density of vmPFC neurons projecting to the RVLM, CVLM, and both regions simultaneously 
were not significantly different (H). Female VLM-projecting neurons throughout the vmPFC 
were stress-reactive (I). AAVretro: retrograde-traveling adeno-associated virus, CVLM: caudal 
ventrolateral medulla, GFP: green fluorescent protein, RVLM: rostral ventrolateral medulla, 
vmPFC: ventromedial prefrontal cortex. 
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2.3.3 Optogenetic vmPFC-RVLM Circuit Stimulation 

 To determine the functional effects of the vmPFC-RVLM circuit, we used an optogenetic 

terminal stimulation strategy (Figure 2.3A-D). Stimulation increased RVLM c-Fos+ cell density 

(# of c-Fos+ cells /mm2) of ChR2 compared to YFP controls, in both male and female rats 

[males (n = 4-5/group, unpaired t-test: ChR2 vs YFP t(7) = 3.70, p = 0.0076); females (n = 4-

6/group, unpaired t-test: ChR2 vs YFP t(7) = 4.02, p = 0.0051)] (Figure 2.3E-J). 

 

 

Figure 2.3 vmPFC terminals stimulated in RVLM increase c-Fos+ neurons. vmPFC-RVLM 
terminal stimulation experiment timeline (A). AAV-YFP or -ChR2 was injected into the vmPFC 
and a light-emitting optic fiber was implanted dorsal to the RVLM to stimulate vmPFC synapses 
at the vmPFC, scale bar: 1 mm, inset scale bar: 200 μm (B-D). Male and female counterbalanced 
unilateral cannulations were mapped onto Swanson Rat Brain Atlas (3rd edition) coronal 
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sections with the RVLM outlined (E, H). vmPFC-RVLM stimulation increased immunoreactive 
c-Fos cells in the RVLM of male and female rats, scale bars: 50 μm (F, G, I, J). AAV-hSyn-
eYFP: adeno-associated virus to express YFP under a synapsin promoter, AAV-hSyn-ChR2: 
adeno-associated viral package to express ChR2 under the under a synapsin promoter, ChR2: 
channelrhodopsin-2, DBH: dopamine beta-hydroxylase, RVLM: rostral ventrolateral medulla, 
vmPFC: ventromedial prefrontal cortex, YFP: yellow fluorescent protein. * p<0.05, ** p<0.01. 
 
 
2.3.4 Motivational Valence of vmPFC-RVLM Circuit Stimulation 

 We examined whether vmPFC-RVLM circuit stimulation induces preference or 

avoidance behavior using the RTPP assay (Figure 2.4A). Here, the ChR2 and YFP groups spent 

the similar amounts of time in both chambers of the RTPP arena [males (n = 11-17/group, 

unpaired t-test: ChR2 vs YFP t(30) = 0.26, p = 0.79); females (n = 12-16/group, unpaired t-test: 

ChR2 vs YFP t(26) = 0.78, p = 0.44)] (Figure 2.4B,C). Further, no locomotive phenotype was 

observed in male or female rats [males distance (n = 11-17/group, unpaired t-test: ChR2 vs YFP 

t(26) = 0.48, p = 0.63); females distance (n = 12-16/group, unpaired t-test: ChR2 vs YFP t(26) 

= 0.25, p = 0.80)] (Figure 4D,E). Thus, although vmPFC mediates affective and reward behaviors 

(Fuchikami et al., 2015; Pace et al., 2020; Wallace et al., 2021), the vmPFC-RVLM circuit has 

neutral valence. 
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Figure 2.4 Stimulating the vmPFC-RVLM circuit does not change preference behavior. 
Cannulated rats underwent a real-time place preference assay in a 2-chamber arena with a 
connecting space (A). Male and female rats did not show preference or aversion for vmPFC-
RVLM stimulation (B, C). Male and female ChR2 groups had no differences in total locomotion 
relative to YFP controls (D, E). 
 
 
2.3.5 vmPFC-RVLM Circuit Regulation of Stress Reactivity 

 Next, we sought to examine physiological regulation by the vmPFC-RVLM pathway by 

activating the circuit during stress. We assessed sympathetic and neuroendocrine stress responses 

by measuring blood glucose and plasma corticosterone, respectively. In males, glucose levels 

were decreased in ChR2 rats compared to controls at the 30 minute time point of restraint stress 
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[n = 11–17/group, mixed-effects: time F(4,125) = 17.51, p < 0.0001; time x ChR2 F(4,125) = 

2.79, p = 0.029; 30 min ChR2, p = 0.0088] (Figure 2.5A). Additionally, corticosterone levels 

were decreased in the ChR2 group following stress (Figure 2.5B) at the 60-minute time point 

[n = 11–17/group, mixed-effects: time F(4,80) = 10.26, p < 0.0001; 60 min ChR2, p = 0.035]. In 

contrast, glucose levels were not different at any timepoint (Figure 2.5C) in female rats [n = 12–

16/group, mixed-effects: time F(4,121) = 19.71, p > 0.05]. However, corticosterone was 

significantly decreased (Figure 2.5D) at the 30-minute time point in female ChR2 rats compared 

to YFP controls [n = 12–16/group, mixed-effects: time F(4,116) = 19.71, p < 0.0001; 30 min 

ChR2, p = 0.025]. These results indicate that activation of the vmPFC-RVLM pathway reduced 

stress-induced glucocorticoid release in both sexes and stress-induced hyperglycemia in males. 

 

Figure 2.5 Stimulating the vmPFC-RVLM circuit during restraint stress blunts corticosterone 
release in both sexes and glucose mobilization in males. Male ChR2 rats had blunted stress-
induced glucose mobilization (A). Similarly, male ChR2 rats had reduced corticosterone stress 
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responses (B). Female ChR2 and YFP groups had similar glycemic responses to stress (C). 
Female ChR2 rats had reduced stress-induced corticosterone secretion (D). * p<0.05, ** p<0.01. 
 
 
2.3.6 The vmPFC-RVLM Circuit Preferentially Activates Non-Catecholaminergic Cells 

Tissue was collected after vmPFC-RVLM stimulation and immunolabeled for DBH and 

c-Fos to determine if circuit stimulation activated catecholaminergic RVLM neurons (Figure 

2.5A,B). In males, c-Fos+ cell density (# of c-Fos+ cells / mm2) in DBH+ neurons was 

comparable in YFP and ChR2 groups [whole VLM (n = 4-5/group, unpaired t-test: ChR2 vs YFP 

t(7) = 2.69, p = 0.07] (Figure 2.5C). Further, VLM DBH+ cells had no differences in c-Fos 

expression within VLM subregions [rostral VLM (unpaired t-test: ChR2 vs YFP t(6) = 0.28, 

p > 0.99); intermediate VLM (unpaired t-test: ChR2 vs YFP t(3) = 2.48, p = 0.17); caudal VLM 

(unpaired t-test: ChR2 vs YFP t(4) = 3.25, p = 0.053)] (Figure 2.5D-F). In contrast, c-Fos+ cell 

density was significantly increased in DBH- cells in ChR2 rats compared to YFP [whole VLM (n 

= 4-5/group, unpaired t-test: ChR2 vs YFP t(7) = 3.67, p = 0.016)] (Figure 2.5C). This effect was 

present in the rostral, intermediate, and caudal subregions of the VLM [rostral VLM (unpaired t-

test: ChR2 vs YFP t(5) = 5.49, p = 0.0055); intermediate VLM (unpaired t-test: ChR2 vs YFP 

t(6) = 3.04, p = 0.048); caudal VLM (unpaired t-test: ChR2 vs YFP t(5) = 4.016, p = 0.023)] 

(Figure 2.5D-F).  

Similar trends were observed in females. ChR2 stimulation increased the density of c-

Fos+ DBH- cells in the VLM as a whole, as well as within the rostral and intermediate 

subregions [whole VLM (n = 4-6/group, unpaired t-test: ChR2 vs YFP t(8) = 3.34, p = 0.022); 

rostral VLM (unpaired t-test: ChR2 vs YFP t(8) = 4.49, p = 0.0049); intermediate VLM 

(unpaired t-test: ChR2 vs YFP t(6) = 3.23, p = 0.036) (Figure 2.5G-I). Although, there was no 

change in cFos+ DBH- cell density in the caudal VLM (unpaired t-test: ChR2 vs YFP t(3) = 



 

40 
 

2.50, p = 0.17)] (Figure 2.5J). Similar to males, there were no effects on c-Fos+ cell density of 

DBH+ neurons in any female VLM region [whole VLM (n = 4-6/group, unpaired t-test: ChR2 vs 

YFP t(7) = 1.58, p = 0.32); rostral VLM (unpaired t-test: ChR2 vs YFP t(4) = 1.63, p = 0.16); 

intermediate VLM (unpaired t-test: ChR2 vs YFP t(3) = 1.79, p = 0.16); caudal VLM (unpaired t-

test: ChR2 vs YFP t(6) = 0.21, p > 0.99)] (Figure 2.5G-J). Collectively, these data demonstrate 

that vmPFC terminal stimulation preferentially activates non-catecholaminergic neurons 

throughout the VLM in both sexes.  

 

Figure 2.6 Stimulating the vmPFC-RVLM circuit preferentially activates non-catecholaminergic 
neurons in the ventrolateral medulla. YFP and ChR2 groups were immunolabeled for DBH and 
c-Fos, DBH+ and c-Fos+ cells are marked by unfilled arrowheads, DBH- and c-Fos+ cells 
marked by filled arrowheads, scale bars: 50 μm (A, B). Male ChR2 rats expressed increased c-
Fos in DBH- neurons throughout the VLM (C-F). Female ChR2 rats expressed increased c-Fos 
in DBH- neurons throughout the VLM (G-J). * p<0.05, ** p<0.01. 
 
 
2.3.7 vmPFC Inputs Target Medullary Inhibitory Neurons 

Next, we sought to identify the non-catecholaminergic VLM neurons targeted by the 

vmPFC. Prior work has demonstrated that a local network of inhibitory neurons acts on VLM 

catecholaminergic neurons to regulate sympathoexcitation (Gao et al., 2019; Guyenet et al., 
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1990; Heesch et al., 2006). In fact, GABAergic and glycinergic neurons are recruited by 

barosensitive-neurons in the nucleus of the solitary tract to regulate RVLM outflow and control 

blood pressure (Guyenet, 2006; Schreihofer & Guyenet, 2002). Here, GABA and GlyT2, a 

marker for glycinergic neurons, were immunolabeled and YFP-expressing vmPFC fibers were 

found to appose GABAergic and glycinergic neurons in the RVLM (Figure 2.7A). Additionally, 

optogenetic stimulation led to c-Fos expression in GABAergic RVLM neurons (Figure 2.7B). 

The current data in aggregate support a model where vmPFC projections to inhibitory RVLM 

neurons provide a mechanism for limiting catecholaminergic output and subsequent 

physiological stress responses (Figure 2.7C). 
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Figure 2.7 vmPFC-RVLM circuit mechanism. vmPFC terminals expressing YFP apposed 
GABA- and GlyT2- expressing RVLM cells, arrowheads denote appositions, scale bars: 20 μm 
(A). ChR2 rats were immunolabeled for c-Fos and GABA following vmPFC-RVLM stimulation, 
GABA+ and c-Fos+ cells are marked by arrowheads, scale bars: 20 μm (B). A schema 
illustrating a proposed mechanism for the vmPFC-RVLM circuit (C). Epi/NE: 
Epinephrine/Norepinephrine-synthesizing neurons. 
 
 
2.4 Discussion 

The current studies mapped a prefrontal-medullary circuit's structural and functional 

connectivity and identified a role in stress response inhibition. Here, vmPFC terminals apposed 
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catecholaminergic neurons throughout the VLM. Additionally, stress-reactive vmPFC neurons 

project to the RVLM and CVLM through parallel and divergent pathways. vmPFC-RVLM 

circuit activation also reduced glucocorticoid stress reactivity in both male and female rats, while 

stress-induced hyperglycemia was blunted only in males. However, the vmPFC-RVLM circuit 

did not mediate preference or aversion behavior in either sex. The vmPFC-RVLM circuit 

preferentially activated non-catecholaminergic neurons and targeted GABAergic and glycinergic 

neurons in the RVLM. These studies reveal a vmPFC-RVLM circuit that inhibits endocrine 

stress responses in male and female rats, potentially via RVLM inhibitory neurons.  

 

2.4.1 vmPFC Regulation of Stress Responding 

Human neuroimaging studies have identified the vmPFC as an integral hub for emotion, 

cognition, goal-directed behavior, and physiological regulation (Jennings et al., 2016; Kraynak et 

al., 2018; Nestler et al., 2002; Saper & Stornetta, 2014). Additionally, vmPFC gray matter and 

functional activity are frequently altered in depression and other stress-related disorders that 

disproportionately burden females (Drevets et al., 2008; Riecher-Rössler, 2017). Accordingly, 

rodent studies have examined the vmPFC to identify neural substrates contributing to sex-

specific vulnerability (Hurley & Carelli, 2020; van der Zee et al., 2022; Woodward et al., 2023). 

In vivo monitoring of vmPFC projection neurons also revealed that sex and stress history shape 

neural activity in response to positive and aversive stimuli (Wallace & Myers, 2023). Further, 

stimulation of vmPFC glutamate neurons produces opposing outcomes in male and female rats. 

Male vmPFC neuronal stimulation reduces the HPA axis and autonomic responses to stress 

while enhancing sociability and motivation (Wallace et al., 2021). Female vmPFC stimulation 

facilitates stress responses, including hyperglycemia and tachycardia, but does not affect social 
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motivation (Wallace et al., 2021). Mechanisms for cortical regulation of stress responding may 

lie in downstream circuitry. The current report found that the vmPFC-RVLM pathway inhibits 

physiological stress responding in both sexes without effects on preference behavior. Therefore, 

this projection to the brainstem may account, in part, for the stress-inhibitory effects of male 

vmPFC (Wallace et al., 2021). However, the current results do not align with prior reports of 

female cortical stress excitation (Wallace et al., 2021). The vmPFC-RVLM circuit inhibits stress 

responding in both sexes, a largely sex-similar function. 

 

2.4.2 Importance of Biological Sex  

Although our findings demonstrate that vmPFC-RVLM activation reduces stress 

reactivity in both sexes, differences may still exist between the sexes. Male and female data were 

not statistically compared due to experiments occurring at different times. However, there appear 

to be magnitude differences in circuit structure and function as anterograde/retrograde mapping 

and c-Fos expression point toward more robust connectivity in males. The sex-specific glycemic 

regulation reported may relate to differences in circuit strength. However, it is challenging to 

disentangle the potential effects of biological sex from necessary differences in experimental 

parameters. There were subtle differences in the volume of viral constructs administered to 

generate similar anatomical coverage in the targeted nuclei of the male and female brains. Hence, 

although the general properties of circuit organization and function were similar in males and 

females, multiple factors prevent direct comparison of male and female results and limit the 

interpretation of sex-specific outcomes such as glucose mobilization. Nonetheless, there are 

reports of sex differences in sympathoexcitation, and endogenous glucose production is higher in 

males than females (Amiel et al., 1993). Sex differences in sympathetic activity likely involve 
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the RVLM as estrogen receptors alpha (ERα) and beta (ERβ) are present in catecholaminergic 

and non-catecholaminergic RVLM neurons of female rats (Hay, 2016; Saleh & Connell, 2000; 

Wang et al., 2006). Interestingly, ultrastructural imaging found immunoreactive-ERβ 

predominately in extra-nuclear sites, while ERα localizes to the nucleus (Wang et al., 2006). 

Additionally, 17β-estradiol acting through ERβ inhibits voltage-gated calcium currents in 

bulbospinal RVLM neurons, and RVLM ERβ knockdown in female mice exacerbates 

aldosterone/salt-induced hypertension (Xue et al., 2013). ERβ signaling also elicits transient 

vasodepressor effects in male rats (Shih, 2009). Together, these studies demonstrate that ERβ 

limits neurogenic sympathetic outflow, possibly through a nongenomic mechanism in RVLM 

neurons. Other hormone receptors, including androgen receptors, are present in RVLM 

catecholaminergic neurons and glia of male and female rodents (Milner et al., 2007; Sheng et al., 

2021), but little is known about the impact on stress physiology.  

 

2.4.3 Regulation of RVLM Catecholaminergic Neurons 

Catecholaminergic neurons in the RVLM are often defined as C1 neurons and 

characterized by phenylethanolamine N-methyl transferase (PNMT), the synthesis enzyme for 

epinephrine. These epinephrine-synthesizing neurons target preganglionic sympathetic neurons 

in the spinal cord to trigger the sympathomedullary (SAM) axis and induce physiological 

responses such as elevated arterial pressure and blood glucose (Guyenet, 2006; Guyenet et al., 

2013). Additionally, caudal RVLM and CVLM catecholaminergic neurons are often labeled as 

A1 neurons and characterized by the presence of DBH and the absence of PNMT (Stornetta, 

2009). These norepinephrine-synthesizing neurons target the paraventricular hypothalamus to 

influence HPA axis output (Guyenet et al., 2013; Ritter, 2017). When stimulated, medullary 
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catecholaminergic neurons increase SAM and HPA axes activity, prompting corticosterone and 

glucose synthesis and release (Li et al., 2018; Zhao et al., 2017). This study measured glucose 

and corticosterone to evaluate SAM and HPA axes function during stress. To restrain 

physiological stress responses, outputs from medullary catecholaminergic neurons are tonically 

inhibited by GABAergic and glycinergic VLM neurons (Gao et al., 2019; Guyenet et al., 1990; 

Heesch et al., 2006). The baroreflex engages this microcircuitry to regulate sympathetic output 

and maintain blood pressure homeostasis (Guyenet, 2006), providing an intrinsic network for 

cortical modulation.  

Prior ultrastructural studies identified vmPFC synapses in the RVLM (Gabbott et al., 

2007), yet the functional organization of this circuitry has not been reported. In this study, 

stimulating the vmPFC-RVLM circuit increased c-Fos expression preferentially in non-

catecholaminergic neurons. Although we cannot rule out activation of non-catecholaminergic 

glutamatergic neurons, this is a relatively small cell population with the majority of RVLM 

catecholaminergic neurons expressing vGluT2 (Stornetta et al., 2002; Stornetta, 2009). Thus, the 

identified vmPFC inputs to VLM inhibitory populations represent a potential mechanism for 

cortical inhibition of stress responding. Nevertheless, the widespread vmPFC innervation of 

multiple VLM cell-types suggests the circuit is dynamically regulated and that different 

physiological or environmental states may lead to divergent circuit signaling and homeostatic 

regulation. Ultimately, the potential for differential vmPFC inputs to catecholaminergic and non-

catecholaminergic VLM cells may provide a cellular basis for stimulus-specific physiological 

reactivity.  
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2.4.4 The vmPFC-RVLM in Brain-Body Function 

Responding to challenges requires the coordination of autonomic and neuroendocrine 

systems for optimal physiological adaptation. Considering the current results, the vmPFC-RVLM 

appears to be an effective means for modulating physiological function. Conventionally, 

physiological response patterns have been proposed to involve networks of top-down neural 

pathways that integrate cortical and limbic information to provide inputs to midbrain nuclei that 

ultimately modulate descending brainstem outflow. Yet, a monosynaptic cortical-medullary 

pathway offers a rapid and direct path for controlling homeostatic functions. As the vmPFC is 

essential for contextual appraisal and emotional processing while also processing visceral 

information (Kraynak et al., 2018; Saper, 2002; Verberne & Owens, 1998), this circuit may 

provide a direct link for psychosomatic coordination that relates emotion and physical health. 

 

2.5 Conclusions 

The current studies advance our understanding of how neural areas mediating cognitive 

appraisal of stressors may impact physiological function. Here, male and female rats have a 

direct stress-reactive vmPFC projection to the RVLM that reduces endocrine stress responses, 

likely by recruiting local RVLM inhibitory neurons. These data represent the only downstream 

vmPFC circuitry to attenuate stress reactivity in both male and female rats. Somatic stimulation 

of vmPFC neurons and preliminary cortical-hypothalamic studies have only reduced male stress 

response (Wallace et al., 2021). Previous vmPFC circuit studies have largely excluded females, 

although downstream circuit function may be sexually dimorphic (Shansky et al., 2010). 

Downstream terminal-specific activation can elicit opposite behavioral patterns during acute 

stress (Warden et al., 2012). Therefore, circuit-dependent vmPFC function to stress-critical areas 
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like the RVLM need to be better studied to best understand how vmPFC outputs regulate whole 

body physiology. These studies point to vmPFC neurons being modulated contextually based on 

sex, stress, and downstream target. Notably, these results show a sex-similar circuit attenuating 

glucocorticoid stress reactivity. Additional investigation of cortical glutamate signaling within 

the microcircuitry of the medulla is likely to identify novel aspects of endocrine-autonomic 

integration that could represent therapeutic interventions to improve cardiometabolic health. 

Ultimately, the excitatory/inhibitory balance of vmPFC synapses in the RVLM may regulate 

stress reactivity and stress-related health outcomes. 
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Chapter 3 – The Necessity of vmPFC-RVLM Circuit Function to Limit Stress Reactivity After 

Chronic Variable Stress Differs Between Sexes  

 

3.1 Overview 

Stress is an inevitable part of life in modern society. Adapting to that stress over time is 

critical for survival and well-being. However, chronic exposure to stress can cause deleterious 

physiological changes, leading to the risk of cardiovascular and metabolic diseases (Kivimäki & 

Steptoe, 2017; Steptoe & Kivimäki, 2012). While cardiovascular disease is the leading cause of 

death worldwide, our understanding of how chronic stress alters neurogenic physiological stress 

responses is not understood. Therefore, these collective studies aim to identify a specific neural 

process that may be integral to the consequences of chronic stress on cardiovascular health.  

In the ventromedial prefrontal cortex (vmPFC), chronic stress causes functional and 

structural deficits in humans and rodents (Anderson et al., 2019; Drevets et al., 2008; Drevets et 

al., 2008; Radley et al., 2004). Notably, the vmPFC assesses environmental stimuli while 

regulating endocrine and autonomic stress responses (McKlveen et al., 2015). Clinical 

interventions targeting the vmPFC have had success in improving depression-related 

symptomologies while also demonstrating an ability to reduce systolic blood pressure 

(Holtzheimer et al., 2012; Kennedy et al., 2011; Lacuey et al., 2018; Lozano et al., 2008; 

Mayberg, 2005). However, vmPFC downstream neural circuit effectors that limit the 

cardiovascular consequences of chronic stress are yet to be identified. The medulla is a likely 

vmPFC effector based on previous work that identified a vmPFC-rostral ventrolateral medulla 

(RVLM) circuit capable of reducing glucocorticoid stress reactivity in both sexes (Chapter 2).  
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The ventrolateral medulla (VLM) is a pre-sympathetic brainstem region characterized by 

epinephrine/norepinephrine-synthesizing (Epi/NE) neurons. When experiencing physical, 

immune, or psychological stress, Epi/NE neurons in the VLM act as emergency mediators to 

drive the fight-or-flight response (Guyenet et al., 2013). Interestingly, VLM signaling targets 

hypothalamic regions critical in anxiety- and depression-related pathologies and the spinal cord 

to drive sympathetic outflow to the periphery (i.e., cardiovascular system) (Guyenet et al., 2020). 

Together, the VLM can promote HPA axis output and trigger the SAM system. Although the 

VLM is critical to organismal survival, medullary adaptations to chronic stress exposure are 

unknown. To date, no previous studies have investigated changes in VLM function after a 

chronic stress paradigm. Moreover, a plausible hypothesis for physiological outcomes after 

chronic stress may involve RVLM adaptations that modulate VLM Epi/NE signaling and 

facilitate sympathetic predominance into pathology development. Therefore, the initial 

experiments presented here measured transcript changes in the VLM after chronic stress. Our 

search focused on genes involved in pre-and post-synaptic signal transmission and 

neuromodulators in the brainstem. Additionally, this hypothesis-driven investigation included 

male and female rats and determined if chronic stress drives different signaling machinery in 

each sex.   

Next, we investigated the necessity of the vmPFC-RVLM circuit to limit stress reactivity 

after chronic stress. Viral constructs that encode retrograde-transported Cre recombinase were 

injected in the RVLM and Cre-dependent tetanus toxin light-chain (TeLC) in the vmPFC, which 

induced TeLC expression in RVLM-projecting vmPFC neurons. TeLC cleaves an obligatory 

synaptic transmission protein to disrupt neurotransmitter release from RVLM-projecting vmPFC 

neurons. Therefore, we hypothesized that disruption of vmPFC-RVLM signaling in CVS-
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exposed rats to increase comprehensive stress responses in male and female rats. Lastly, a 

separate set of experiments determined if RVLM-projecting vmPFC output is necessary to 

prevent the increased expression of RVLM Epi/NE synthesis enzymes after chronic stress. 

Epi/NE synthesis enzyme expression was examined in chronic variable stress (CVS)-exposed 

and stress-naïve female rats. In neurons, tyrosine hydroxylase (TH) and phenylamine-N-

methyltransferase (PNMT) were probed by fluorescent in situ hybridization. Notably, TH is the 

rate-limiting enzyme for Epi/NE, which are primary signaling molecules from pre-sympathetic 

RVLM neurons. Other catecholamine synthesis enzymes include dopamine beta-hydroxylase 

(DBH), which converts dopamine into norepinephrine, and phenylethanolamine-N-methyl 

transferase (PNMT) which converts norepinephrine into epinephrine. To understand how chronic 

stress and vmPFC-RVLM circuit status impact RVLM transcriptional processes involved in 

neurogenic-driven sympathetic output, we examined TH and PNMT expression throughout the 

VLM. We hypothesized that vmPFC-RVLM circuit disruption and chronic stress would lead to 

increased expression of enzymes related to the synthesis of Epi/NE in the RVLM of female rats. 

 

3.2 Methods 

3.2.1 Animals 

Male and female Sprague-Dawley rats (Envigo Denver, CO) were used for this study. 

The male rats weighed between 250-300g, while the female rats weighed between 150-200g. 

Each rat was individually housed in a vivarium with controlled temperature and humidity 

settings. The male rats for Experiment 1 were procured from Harlan (Indianapolis, IN) but were 

cared for under the same conditions as the others. In the vivarium, a 12-hour light-dark cycle was 

maintained, with lights turning on at 0600 and off at 1800. Separate holding rooms were 
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designated for rats of the same sex. Before the start of the experiment, newly arrived rats 

underwent a one-week acclimation period in the vivarium. Throughout the entire experiment, the 

rats had continuous access to both water and chow. All procedures and protocols were approved 

by the Institutional Animal Care and Use Committee of Colorado State University (protocol: 

1392. These protocols adhered to the National Institutes of Health Guidelines for the Care and 

Use of Laboratory Animals. For Experiment 1 males, the protocols and procedures were 

approved by the University of Cincinnati Institutional Animal Care and Use Committee 

(protocol: 04‐08‐03‐01), also in compliance with the National Institutes of Health Guidelines for 

the Care and Use of Laboratory Animals. The experimental procedures in this study underwent 

veterinary consultation, and the welfare of all animals was assessed daily by veterinary and/or 

animal medical service staff. 

 

3.2.2 Experimental design 

 Experiment 1 used 16 male and 20 female rats. Both sexes were split into stress-naïve or 

CVS groups and underwent RVLM tissue extraction for gene expression analysis. Somatic data 

for each group and sex is listed in Table S3. Experiment 2 used an intersectional Tetanus toxin-

light chain (TeLC) viral approach on 50 male and 48 female rats. Both sexes were split into 

stress-naïve or CVS groups and GFP control or TeLC groups. Each sex needed two separately-

ran cohorts to reach the required sample size. Neuroendocrine and post-CVS OF measures were 

garnered from these rats. Likewise, Experiment 3 used an intersectional Tetanus toxin-light chain 

(TeLC) viral approach on 42 male and 40 female rats. Both sexes were split into stress-naïve or 

CVS groups, as well as GFP control or TeLC groups. Females required two separately-ran 
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cohorts to reach the required sample size, while males needed 3 cohorts. Pre-CVS OF and 

cardiovascular measures were recorded from these rats.  

 

3.2.3 Stereotaxic surgery 

Male and female rats were anesthetized with aerosolized isoflurane (1-5%) and 

administered an analgesic (0.6 mg/kg buprenorphine-SR, subcutaneous). For Experiments 1 and 

2, rats received 2 sets of intracrainal microinjections: unilateral microinjection (males 0.6 µL, 

females 0.5 µL) of a retrograde-raveling adeno-associated virus construct encoding for Cre 

recombinase conjugated to mCherry (AAVretro-EF1α-Cre) targeting the RVLM (males: 1.88 

mm lateral to midline, 12.25 mm anterior to bregma, and 10.4 mm ventral from bregma; females: 

1.82 mm lateral to midline, 12.1 mm anterior to bregma, and 10.1 mm ventral from dura) and a 

bilateral microinjection (males 0.7 µL, females 0.6 µL) of an adeno-associated virus construct 

encoding for Cre-dependent tetanus toxin-light chain conjugated to GFP (AAV-DIO-TeLC) or 

cre-dependent GFP (AAV-DIO-GFP) constructs (Stanford Vector Core, Chapel Hill, NC) in the 

vmPFC (males: 0.6 mm lateral to midline, 2.7 mm anterior to bregma, and 4.2 mm ventral from 

dura; females: 0.5 mm lateral to midline, 2.3 mm anterior to bregma, and 4 mm ventral from 

dura). All microinjections used a 25-gauge, 2-µL microsyringe (Hamilton, Reno, NV) using a 

microinjector (Kopf, Tujunga, CA) at a rate of 5 minutes/µL for vmPFC injections and a rate of 

10 minutes/µL for RVLM and CVLM injections. For RVLM injections, the needle was lowered 

ventrally to -6 mm from the skull and then reduced in -0.5 mm increments every 4 minutes to 

avoid damage to the respiratory column. The needle was left in place for 8 minutes before and 

after injections to facilitate viral diffusion. The skin was closed with wound clips and removed 
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after 2 weeks of recovery. 6 weeks of incubation were given to ensure appropriate viral construct 

expression (Wallace et al., 2021). 

 

3.2.4 Telemetry implantations 

As previously described (Schaeuble et al., 2019; Wallace et al., 2021), rats were equipped 

with ECG-enabled radiotelemetry transmitters (HD-S11 F0, Data Sciences International, St. 

Paul, MN). The rats were prepared for the implantation procedure under aerosolized isoflurane 

anesthesia (1–5%). They received a subcutaneous injection of analgesic (0.6 mg/kg 

Buprenorphine-SR) and an intramuscular antibiotic (5 mg/kg gentamicin) to manage pain. An 

abdominal incision allowed access to the descending aorta, where a catheter connected to the 

transmitter was implanted. Tissue adhesive (Vetbond; 3 M Animal Care Products, St. Paul, MN) 

was applied over a cellulose patch to secure the catheter. ECG leads were passed through the 

abdominal musculature and subcutaneously sutured above the rib cage and pectoral muscles. The 

transmitter body was then sutured to the abdominal musculature, and the abdominal incision and 

skin were closed with sutures and wound clips, respectively. Following the procedure, the rats 

were allowed a recovery period of 2 weeks before removing wound clips. 

 

3.2.5 Estrous cycle cytology 

For each experiment, female rats were simultaneously conducted, and they were housed 

together in the same room. Estrous cycle cytology was performed by swabbing the vaginal canal. 

After completing the experimental assays, vaginal cytology was examined to estimate the estrous 

cycle stage. A cotton swab moistened with deionized water was used to collect cells from the 

vaginal canal and transfer them onto a glass slide. The slides were allowed to dry and then 
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observed under a light microscope with a 10x objective by at least two independent observers 

unaware of the experimental conditions. The observers categorized the slides into four stages: 

proestrus, estrus, metestrus, or diestrus, following the protocols established in previous studies 

(Cora et al., 2015; Solomon et al., 2007). In cases where discrepancies were in the assigned 

estrous stages, a third independent observer was consulted to resolve the differences. The 

distribution of rats in each estrous phase is presented in Table S3 for Experiment 1, Table S6 for 

Experiment 2 and Table S7 for Experiment 3. 

 

3.2.6 Restraint stress 

Restraint stress was used Experiment 2 for evaluate stress reactivity. To induce restraint 

stress, rats were placed inside plastic decapicones (Braintree Scientific, Braintree, MA), with a 

small window cut in the plastic to expose the cannula. Fiber-optic patch cords were attached to 

enable optic stimulation during the 30-minute restraint period. Blood samples were collected via 

tail clip at the onset of restraint, followed by sequential samples at 15- and 30-minute intervals 

(Myers et al., 2017). At the 30-minute, the patch cords were detached, and the rats were returned 

to their home cages for recovery. Additional blood samples were collected at 60- and 90-minute 

time points. Blood glucose measurement served as an indicator of sympathetic outflow to the 

periphery, as acute glucose mobilization is dependent on epinephrine and is triggered by RVLM 

catecholaminergic stimulation (Zhao et al., 2017). Blood glucose levels were determined using 

Contour Next EZ glucometers (Bayer, Parsippany, NJ), and an average of two readings was 

recorded at each timepoint. The blood samples were centrifuged at 3000 × g for 15 minutes at 

4°C, and the resulting plasma was stored at −20°C until further analysis using an ENZO 

Corticosterone ELISA kit (ENZO Life Sciences, Farmingdale, NY). The intra-assay coefficient 
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of variation was 8.4%, and the inter-assay coefficient of variation was 8.2% (Dearing et al., 

2021). 

 

3.2.7 Chronic Variable Stress 

The chronic variable stress (CVS) protocol involved twice daily stressors, presented 

randomized during morning and evening sessions. These stressors included exposure to a cold 

room set at 4 °C for 1 hour, shaker stress at 90 rpm for 1 hour, exposure to fox or coyote urine 

for 1 hour, forced swim for 10 min, tilted home cages for 3-4 hours, and overnight exposure to 

wet bedding or lights on (Flak et al., 2014; Ghosal et al., 2014; Wallace et al., 2021). Behavioral 

tests were incorporated as stressors at the beginning and end of the CVS protocol.  

 

3.2.8 VLM microdissection 

The brains were frozen and sectioned into coronal slabs using a CM3050 S Cryostat 

(Leica, Wetzlar, Germany) to maintain the appropriate temperature conditions. Histological 

landmarks such as the facial cranial nerve were utilized to determine the rostral boundary of the 

VLM. Micropunches were obtained from two bilateral sections per animal using a sharp, heavy 

wall stainless steel dermal biopsy punch with an internal diameter of 2 mm (Miltex, Bethpage, 

NY). The tissue punches were kept frozen and stored at −80 °C. 

 

3.2.9 Nanostring nCounter 

 The punched tissue was kept at -80 °C until it was sent to the University of Arizona 

Genetics Core, where subsequent methods were performed. A RNeasy mini kit (Qiagen, 

Germantown, MD) was used following the manufacturer's instructions to isolate total RNA from 
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the tissue punches. The RNA concentrations were measured using a Qubit 4 Fluorometer 

(Invitrogen, Carlsbad, CA). A NanoString nCounter Custom CodeSet (Seattle, WA) was 

employed for multiplexed mRNA quantification. This CodeSet included bar-coded hybridization 

probes that targeted specific mRNAs listed in Table S3. Gene expression analysis was conducted 

using the nSolver Analysis 4.0 software (Nanostring, Seattle, WA). Transcript counts for each 

gene were normalized to the geometric mean expression of three housekeeping genes: regulator 

of G-protein signaling 14, peptidylprolyl isomerase H, and succinate dehydrogenase complex 

flavoprotein subunit A. To determine background expression levels and normalize each sample, 

the geometric mean plus the standard deviation of raw counts were calculated for eight synthetic 

negative control probes (Heck et al., 2020).  

 

3.2.10 in situ hybridization and immunohistochemistry 

To examine the density of tyrosine hydroxylase (TH) and phenylethanolamine N-methyl 

transferase (PNMT) transcripts in RVLM neurons, in situ hybridization (ISH) was conducted on 

brain tissue collected from rats using the RNAscope multiplex platform (Advanced Cell 

Diagnostics, Hayward, CA). An adapted protocol to utilize fixed tissue was executed (Sumners 

et al., 2020). The brains of the rats were perfused as described earlier and coronally sectioned 

into a 1:12 series at a thickness of 20 μm. These sections were then stored in cryoprotectant 

solution at -20°C for long-term preservation. Tissue collection, sectioning, and mounting 

procedures were performed under RNase-free conditions. Once prepared, slides were washed 

with PBS, hydrogen peroxide, and PBS again before being mounted onto SuperfrostPlus Gold 

slides, following the manufacturer's protocol (Advanced Cell Diagnostics, Hayward, CA). 
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The RNAscope ISH technique employed a positive control probe targeting Ubc and a negative 

control probe targeting DapB. In addition, probes for TH (C1-TH probe, probe sequence, 1:1 

dilution, Advanced Cell Diagnostics) and PNMT (C2-PNMT probe, probe sequence, 1:50 

dilution, Advanced Cell Diagnostics) were utilized. After ISH, immunohistochemistry (IHC) was 

performed to label neurons. Sections on slides were rinsed with PBS at room temperature and 

transferred to a blocking solution (PBS, 0.1% bovine serum albumin, 0.2% Triton X-100) for 1 

hour. Subsequently, the sections were incubated overnight with mouse anti-NeuN primary 

antibody (1:1000 in blocking solution, MAB394, RRID: AB_94983; MilliporeSigma, 

Burlington, MA). Following a rinse in PBS, the sections were incubated with donkey anti-rabbit 

Cy3 secondary antibody (1:500 in PBS, 715-165-020, RRID: AB_2340811; Jackson 

ImmunoResearch, West Grove, PA) for 1 hour. The tissue was washed in PBS, mounted in a 

polyvinyl medium, and cover-slipped for imaging. 

 

3.2.11 Open Field Assay 

The open-field test was employed, following the methodology described in a previous 

study by Pace et al. (2020). This assessment aimed to evaluate general locomotor activity and 

approach/avoidance behavior, as Belzung and Griebel (2001) outlined. Rats were individually 

placed in a square field made of black acrylic, measuring 1 square meter and with walls standing 

at a height of 30 centimeters. The rats were allowed to explore the field for a duration of 5 

minutes freely. Noldus behavioral analysis software was utilized to measure the total distance 

traveled by the rats, the time spent in the central area of the field, the number of entries into the 

center, and the latency of the first entry. The center of the arena was defined as the central 0.5 

square meter. 
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3.2.12 Tissue collection 

Following the completion of the experiments, all rodents were administered sodium 

pentobarbital intraperitoneally at a dosage of at least 100 mg/kg for anesthesia. They were then 

transcardially perfused with 0.9% saline solution, followed by 4% paraformaldehyde in 

phosphate buffer. The brains were carefully extracted and post-fixed in paraformaldehyde 

overnight. Subsequently, they were stored in a 30% sucrose solution at 4 °C to facilitate 

cryoprotection. The brains were later sectioned into coronal slices, each measuring 30 μm thick, 

with a 1:12 serial sectioning ratio. These sections were preserved in a cryoprotectant solution at -

20 °C until further processing for immunohistochemistry.  

 

3.2.13 Immunohistochemistry 

To examine the coexpression of synaptobrevin-2 (SynB2) and RVLM-projecting vmPFC 

neurons, immunohistochemistry was performed to label SynB2 and amplify GFP signal on 

vmPFC-projecting terminals. Free-floating sections were rinsed with PBS at room temperature 

and transferred to a blocking solution (PBS, 0.1% bovine serum albumin, 0.2% Triton X-100) for 

1 hour. Subsequently, the sections were incubated overnight with mouse anti-GFP primary 

antibody (1:1000 in blocking solution, ab6556; Abcam, Waltham, MA). Following a rinse in 

PBS, the sections were incubated with goat anti-rabbit Alexa Fluor 488 secondary antibody 

(1:500 in PBS, 111-547-003; Jackson ImmunoResearch, West Grove, PA) for 1 hour. The tissue 

was then washed in PBS, transferred to blocking solution (PBS, 4% bovine serum albumin, 3% 

of donkey serum, 0.1% of Triton X-100) for 1 hour, then left to incubate overnight with anti-

SynB2 (1:200 in blocking solution, 104 211C3; Synaptic Systems, Goettingen, Germany). 
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Following a rinse in PBS, the sections were incubated with goat anti-mouse Cy5 secondary 

antibody (1:500 in PBS, 115-175-166; Jackson ImmunoResearch) for 1 hour. After a final PBS 

rinse, sections were mounted in a polyvinyl medium, and cover-slipped for imaging. 

 

3.2.14 Microscopy 

 Fluorescent imaging utilized a Zeiss Axio Imager Z2 microscope (Carl Zeiss Microscopy, 

Jena, Germany) and the corresponding ZEN 2.6 blue edition software (Carl Zeiss Microscopy). 

To determine injection placement, GFP and m was imaged using the 5x objective. For GFP and 

Cy5 dual fluorescence imaging, a 63x objective at 0.5-μm thick optical sectioning to produce Z-

stacks. Co-localization was defined as signal overlap between GFP terminals and SynB2-Cy5. 

Further, an off-channel filter was used to identify auto-fluorescent signals that may affect results. 

To image ISH transcripts and IHC-labeled cells, TH-GFP, PNMT-Cy5, NeuN-Cy3, and DAPI as 

an off channel, were all imaged using a 63x objective at 1-μm thick optical sectioning to produce 

5 z-planes of image stacks. Apotome processing proceeded after the initial imaging. Co-

localization was defined as magenta or green fluorescence from the overlap between 

fluorophores.  

 

3.2.15 Image analysis 

ZEN software was used for GFP/SynB2 colocalization experiments to quantify the 

number of pixels expressing GFP and SynB2-Cy5 separately or together. Colocalization was 

defined using the colocalization tool to identify GFP and Cy5 pixels present at the exact location. 

Regions of interest were restricted to terminal-specific areas in male cortical tissue. 3 separate 

axons per rat were analyzed. Axons were 500-100-μm long. For ISH, image analysis protocols 
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were adapted from prior fluorescent ISH methods to quantify RNAscope multiplexed probes (Li 

et al., 2021; Mueller et al., 2013). For ISH experiments (Experiment 2), Carl Zeiss Images 

(CZIs) were opened using ZEN 2.6 blue software. A colocalization module was used to analyze 

TH-GFP and PNMT-Cy5. Regions of interest were drawn around NeuN-Cy3-labeled cells. A 

Pearson correlation coefficient was used to objectively determine a threshold for the fluorescent 

signal based on the probe and the NeuN fluorescent signal. Precisely, this automated 

thresholding will fit a line to all pixels and specify where on the line all pixels below it have a 0 

value of the correlation. 

 

3.2.16 Neuroanatomy 

To anatomically delineate mPFC, each tissue section's bregma location and area 

delineations were defined according to Brain Maps III: Structure of the Rat Brain (Swanson, 

2004). The atlas was used to identify the anterior forceps of the corpus callosum as the lateral 

boundary and the coronal midline as the medial boundary. The rostral-caudal emergence of the 

corpus callous was used to divide the subregions from dorsal to ventral, and the subependymal 

zone guided the identification of the ventral vmPFC boundary. To delineate the RVLM, The Rat 

Brain atlas (Paxinos & Watson, 2006) was used for area delineations and landmark identification 

throughout the brainstem. The RVLM lacks distinct cytoarchitecture; therefore, landmarks such 

as the facial nucleus served as the rostral boundary, the spinal trigeminal nucleus as the lateral 

boundary, and lateral portions of the inferior olive guided distinguishing the medial edge. 

Regarding VLM subregions, The Rat Brain atlas (Paxinos and Watson, 2007) defines the whole 

VLM as -12.00 to -15.00 mm from bregma, with catecholaminergic populations transitioning 

from C1, C1/A1, and A1 in a rostro-caudal orientation. We used the C1 population to define 
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what we considered RVLM (-12.00 to -13.56 mm posterior to bregma) (Li et al., 2018). Notably, 

our classification regards the RVLM as containing catecholaminergic neurons with bulbospinal 

and ascending projections. Further, publicly available templates of rat brain coronal sections 

from Brain Maps III (Swanson, 2004) were used to illustrate virus placement.  

 

3.4.14 Data analysis 

Data are expressed as mean ± standard error of the mean. Data were analyzed using 

Prism 9 (GraphPad, San Diego, CA), with statistical significance set at p < 0.05 for all tests. 

SynB2 colocalization used an unpaired t-test with Welch’s correction. A three-way ANOVA was 

used to analyze bodyweight changes throughout the experiment. Fisher’s post hoc was further 

executed to identify differences at time points. A one-way ANOVA was used to analyze adrenal 

weight changes, while multiple comparisons used Fisher’s post-hoc test. Corticosterone and 

glucose measured during restraint stress were analyzed using a repeated mixed-effects analysis 

with treatment, sex, and time as factors. If significant main or interaction effects are present, then 

a Fisher’s post-hoc test would be used. For chronic circadian recordings of hemodynamic 

measures and Novel Environment recordings, a mixed-effects analysis with treatment, sex, and 

time was utilized. Fisher’s pot-hoc test was used for multiple comparisons. Lastly, a one-way 

ANOVA was used for normalized area under the curve (AUC) datasets to investigate cumulative 

changes after chronic recordings and Novel Environment. Normalized AUC sets were corrected 

to baseline measurements and represented as a percent change from No CVS GFP controls. 

Multiple comparisons used Fisher’s post-hoc test to identify further differences. Multiple t-tests 

were used to analyze the transcripts probed in the VLM. A mixed-effects ANOVA was run using 

VLM subregion, circuit treatment, and stress as variables on TH and PNMT transcript density. A 
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Fisher’s post-hoc test was used to analyze ISH data, although male data was excluded due to low 

sample sizes. Data points are from individual rats. 

 

3.3 Results 

3.3.1 VLM gene expression changes after CVS 

 To better understand the effects of chronic stress on the RVLM, we used a NanoString 

gene analysis platform to quantify transcript expression of excised medullary tissue from CVS-

exposed and -naïve rats of both sexes (Figure 4.1A) Both male and female CVS rats had 

increased heart weights, a common somatic marker of cardiovascular hypertrophy (n = 7-

12/group, unpaired t-test: male heart weights t(10) = 4.531, p = 0.001; female heart weights t(19) 

= 4.467, p = 0.0003) (Dickhout et al., 2011) (Figure S3). We profiled 70+ gene transcripts related 

to pre-and post-synaptic transmission, steroid signaling, and intracellular signal transduction 

(Table S8). Within male rats, CVS caused significant differences in only 2 transcripts, the 

gamma subunit of protein kinase C and tyrosine hydroxylase (TH) (n = 7/group, unpaired t-test: 

PKC t(12) = 2.190, p = 0.0489); TH t(12) = 2.229, p = 0.0456) (Figure 4.4B,C, Table S4).. In 

female rats, over 40+ transcripts were significantly different in CVS animals relative to No CVS 

(Figure 4.4D, Table S6). Similar to males, the catecholamine synthesis enzymes TH significantly 

increased in CVS rats relative to stress-naïve controls (n = 8-12/group, unpaired t-test: TH t(17) 

= 2.581, p = 0.0194) (Figure 4.4E). Although TH expression is increased in both sexes, the 

number of transcripts significantly different after CVS and the magnitude of those changes is 

intensified in females compared to males (Figure 3.1B,D). This qualitative effect of stress in 

females suggest the female VLM is highly stress-reactive. Nonetheless, these results suggest that 

CVS in both sexes may augment VLM catecholamine synthesis, thereby expanding the capacity 
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and capability of VLM signaling output to nuclei that induce neuroendocrine and sympathetic 

stress reactivity (i.e., Epi/NE output to the PVN and IML). 

 

Figure 3.1 Gene expression profile of male and female rats exposed to chronic stress. Male and 
female ventrolateral medulla tissue from No CVS and CVS groups underwent gene expression 
analysis (A). 70+ transcripts were targeted with only 2 genes differing significantly in CVS vs 
No CVS analysis (B). Transcripts for CA synthesis enzymes trended upwards in CVS males with 
TH significantly increasing compared to stress-naïve animals (C). 70+ transcripts were targeted 
in female rats (D). CA synthesis enzyme transcripts were up in CVS females with TH increasing 
significantly relative to controls (E). DBH: dopamine-beta hydroxylase, PNMT: 
phenylethanolamine N-methyltransferase, TH: tyrosine hydroxylase. Effect of CVS within sex 
and transcript * p<0.05 
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3.3.2 vmPFC-RVLM Circuit Disruption Approach While Measuring Physiological Endpoints 

Next, we examined the role of RVLM-projecting vmPFC neurons in the context of 

chronic stress. Chronic stress-induced PFC dysfunction is well established, yet pathways 

targeting the medulla are in an optimal position to exert physiological effects. To investigate, 

Experiment 2 adult male and female rats received multiple microinjections: a unilateral injection 

of retrograde-traveling AAV encoding for Cre recombinase and mCherry (AAVretro-Cre) 

targeted the RVLM and a bilateral injection of AAV encoding for tetanus toxin light-chain 

conjugated to GFP (TeLC) or GFP alone targeted the vmPFC (Figure 3.2A-D, Figure S1A). 

TeLC is an attenuated version of tetanus toxin that cleaves synaptobrevin-2 (SynB2) and thereby 

obstructs neurotransmitter release. Injection placements were mapped using a rat brain atlas 

(Figure S1B,D). To determine the efficacy of our circuit disruption approach, RVLM-projecting 

vmPFC terminals co-expressing SynB2 and TeLC-GFP were compared to GFP controls by 

analyzing the overlap of fluorescent pixels. TeLC-expressing terminals colocalized with SynB2 

less than GFP terminals (n = 3/group, unpaired t-test: GFP vs TeLC t(4.834) = 2.004, 

p = 0.0401). Therefore, RVLM-projecting vmPFC terminals expressing TeLC have an attenuated 

synaptic infrastructure to properly signal (Figure 3.1E).  
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Figure 3.2 Intersectional TeLC approach reduces SynB2 expression on RVLM-projecting 
vmPFC fibers. vmPFC-RVLM circuit disruption experiment timeline (A). AAV-DIO-GFP or 
AAV-DIO-TeLC-GFP were injected into the vmPFC and AAVretro-EF1α-Cre-mCherry was 
injected into the RVLM, scale bar (C): 1 mm, scale bar (C zoom-in): 500 μm, scale bar (D): 500 
μm (B-D). Quantification and representative image of TeLC-expressing RVLM-projecting 
vmPFC terminals that colocalized less with SynB2 relative to controls, scale bars: 250 μm (E). 
AAV-DIO-GFP: Cre-dependent adeno-associated virus encoding GFP expression, AAV-DIO-
TeLC-GFP: Cre-dependent adeno-associated virus encoding TeLC and GFP expression, 
AAVretro-Ef1a-Cre-mCherry: retrograde traveling adeno-associated virus encoding Cre under 
the promoter eukaryotic translation elongation factor 1 α, CVS: chronic variable stress, GFP: 
green fluorescent protein, Prefrontal Ctx: prefrontal cortex, RVLM: rostral ventrolateral medulla, 
SynB2: synaptobrevin-2, TeLC: tetanus toxin light-chain, vmPFC: ventromedial prefrontal 
cortex. * p<0.05. 
 
 
 
3.3.3 vmPFC-RVLM Circuit is Crucial for Regulating Neuroendocrine Stress Responses in 

Females and Males following CVS 

Next, we examined the necessity of vmPFC-RVLM function for stress responses in male 

rats. Sympathetic and neuroendocrine stress responses were recorded by measuring blood 
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glucose and plasma corticosterone during and after restraint stress. For glycemic responsivity, 

only an interaction effect of time and treatment was observed [n = 8–13/group; 3-way ANOVA: 

time x treatment F(4,188) = 2.898, p = 0.0233]. Post-hoc analysis revealed no significant 

differences within No CVS rats (Figure 3.3A). Conversely, CVS TeLC rats had increased blood 

glucose relative to CVS GFP rats during recovery post-restraint (60 min TeLC, p = 0.0092) 

(Figure 3.3B). For glucocorticoid stress reactivity, there was a main effect of stress and an 

interaction effect of time and stress [n = 8–13/group; 3-way ANOVA: stress F(1,174) = 5.064, 

p = 0.0257; time x stress F(4,174) = 2.645, p = 0.0352]. Post-hoc analysis showed no differences 

in corticosterone levels within stress-naïve groups (Figure 3.3C). In CVS rats, the TeLC group 

had decreased plasma corticosterone at 30 minutes (30 min TeLC, p = 0.0092) (Figure 3.3D). 

Here, vmPFC-RVLM signaling after CVS is critical for appropriating glucocorticoid stress 

responses and post-stress glycemia maintenance.  
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Figure 3.3 Disrupting the vmPFC-RVLM circuit affects male rats exposed to CVS. No CVS GFP 
and TeLC rats had similar glycemic responses to stress (A). CVS TeLC rats had increased 
glucose levels after restraint stress relative to CVS GFP rats (B). No significant differences were 
found in glucocorticoid responses within stress-naïve groups (C). CVS TeLC rats had reduced 
glucocorticoid responses compared to conspecific GFP controls (D). * p<0.05, ** p<0.01 
 

Next, we investigated the essentialness of the vmPFC-RVLM pathway in regulating 

stress responses in female rats. We measured blood glucose and plasma corticosterone levels 

during and after restraint stress to assess sympathetic and neuroendocrine stress responses. 

Regarding glycemic responsivity, interaction effects of stress and treatment, then time by stress 

by treatment, were evident. [n = 8–12/group; 3-way ANOVA: stress x treatment F(1,200) 

= 27.03, p < 0.0001; time x stress x treatment F(4,200) = 3.409, p = 0.0101]. At 15 minutes, 

TeLC glucose levels were reduced relative to No CVS GFP rats (60 min TeLC, p = 0.0092) 

(Figure 3.4A). Inversely, CVS TeLC rats had augmented glycemic responses to controls at 15, 
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30, and 90 minute marks throughout restraint (15 min TeLC, p = 0.0029; 30 min TeLC, 

p = 0.0182; 90 min TeLC, p = 0.0102) (Figure 3.4B). With glucocorticoid responses to restraint, 

there was an effect of stress and interaction effects of time and stress, as well as stress and 

treatment [n = 8–13/group; 3-way ANOVA: stress F(1,192) = 9.659, p = 0.0022; time x stress 

F(4,192) = 5.974, p = 0.0001; stress x treatment F(1,192) = 6.302, p = 0.0129]. No differences in 

corticosterone levels were observed in stress-naïve rats (Figure 3.4C). In CVS-exposed rats, the 

TeLC group had augmented plasma corticosterone at 15 and 30 minutes (15 min TeLC, p = 

0.0216; 30 min TeLC, p = 0.0029) (Figure 3.4D). Together, these studies demonstrate that the 

vmPFC-RVLM circuit is needed to limit neuroendocrine stress reactivity after CVS in female 

rats. 
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Figure 3.4 Disrupting the vmPFC-RVLM circuit augments the stress reactivity of CVS female 
rats. No CVS TeLC rats had diminished stress-induced glycemic responses compared to GFP 
controls (A). CVS TeLC rats had higher glucose levels than GFP rats (B). No CVS GFP and 
TeLC rats had similar glucocorticoid responses to stress (C). CVS TeLC rats had increased 
corticosterone levels during restraint stress relative to CVS GFP rats (D). * p<0.05, ** p<0.01, 
**** p<0.0001. 
 
 
3.3.4 vmPFC-RVLM Circuit is Necessary to Limit CVS Effects on Behavior in Females, But 

Not Males 

To investigate the necessity of vmPFC-RVLM signaling on stress responding, open field 

(OF) behavioral patterns were examined before and after CVS in separate experiments and 

multiple cohorts of rats. OF is a well-established behavioral assay to assess approach vs. 

avoidance during exploration (Prut & Belzung, 2003). Critically, avoidant behavioral patterns are 

linked to anxiety-like phenotypes in multiple psychiatric disorders (Lister, 1990). All pre-CVS 

OF assays were run in Experiment 3 (Figure S2), and all post-CVS OF assays in Experiment 2 

(Figure 3.2) to avoid repeated testing in the same subjects. This study design led to treatment 

effects being evaluated within sex and stress conspecifics. Before and after CVS in male rats, 

there were no significant effects on total distance traveled in the open field, indicating no TeLC 

effects on general locomotion in males (Figure 3.5A,B). Furthermore, no change in time spent in 

the center of the open field was observed in pre- or post-CVS males (Figure 3.5C,D). Notably, 

pre-CVS TeLC males are considerably close to being statistically different [pre-CVS (n = 

13/group, unpaired t-test: TeLC vs GFP t(13) = 2.132, p = 0.0521)]. In females, distance traveled 

throughout the OF assay was not significantly different in TeLC rats compared to GFP controls 

in pre- and post-CVS cohorts (Figure 3.5E,F). Time spent in the center did not differ by 

treatment in pre-CVS females (Figure 3.5G). However, post-CVS TeLC rats spent less time in 

the center of the OF relative to GFP controls [post-CVS (n = 9-11/group, unpaired t-test: TeLC 
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vs GFP t(11) = 2.336, p = 0.0394)] (Figure 3.5H). These results suggest that vmPFC-RVLM 

signaling primarily does not affect male behavior patterns during stress but does mediate 

avoidance in females exposed to CVS. 

 

 

Figure 3.5 Interfering with vmPFC-RVLM signaling induces avoidance in CVS females but not 
males during OF. Male pre-CVS TeLC rats and GFP controls had similar locomotive levels (A). 
Post-CVS TeLC rats did not travel significantly different distances than GFP rats (B). Pre-CVS 
rats did not have significantly different times in the center of the OF arena (C). Post-CVS TeLC 
rats did not have any approach-avoidant phenotypes (D). Female pre-CVS TeLC rats and GFP 
controls had similar locomotive levels (E). Post-CVS TeLC rats did not travel significantly 
different distances than control rats (F). Pre-CVS rats did not have significantly different times in 
the center of the OF arena (G). Post-CVS TeLC rats spent less time in the OF arena's center than 
GFP conspecifics (H). * p<0.05. 
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3.3.5 vmPFC-RVLM Circuit is Needed to Appropriate Cardiovascular Function in Males and 

Females After CVS 

As with Experiment 2, Experiment 3 male and female rats received intracranial injections 

targeting the vmPFC and RVLM (Figure S2A), vmPFC received bilateral AAV injections 

encoding for TeLC or GFP, and the RVLM received counterbalanced unilateral AAVretro-Cre 

(Figure S2B). Throughout the experiment, bodyweights was recorded, and an effect of treatment 

was seen in males [n = 8–11/group; 3-way ANOVA: day x stress F(1,251) = 8.504, p = 0.0039] 

(Figure S2C). Significant differences were not seen in male adrenal weights (Figure S2C). In 

female rats, an interaction effect of experimental day and stress was seen in bodyweight change 

throughout the experiment [n = 8–11/group; 3-way ANOVA: day x stress F(6,231) = 2.673, 

p = 0.0158] (Figure S2D). Additionally, CVS GFP rats had an increased adrenal weight relative 

to stress and treatment conspecifics [n=8–11/group; 1-way ANOVA: F(3,31) = 24.51, p<0.0001; 

No CVS GFP v CVS GFP, p<0.0001; CVS GFP v CVS TeLC, p<0.0001] (Figure S2D).  

Throughout the 2 weeks of CVS homecage, circadian radiotelemetry data was measured 

to examine the effects of chronic stress and disrupted vmPFC-RVLM circuit function. A mixed-

effects analysis in males of systolic arterial pressure (SAP) revealed interaction effects of 

treatment and stress, separately [n = 6–10/group; mixed-effects ANOVA: treatment F(1,455) 

= 28.59, p<0.0001; stress F(1,455) = 8.405, p=0.0039] (Figure S3A). Area under the curve 

(AUC) normalized to No CVS GFP rats was taken from these chronic recordings to evaluate 

cumulative effects. Additionally, all recordings were normalized to baseline values to interpret 

percent changes that occurred through the 2 weeks of recordings. Here, we saw normalized AUC 

of SAP circadian hemodynamics reveal significant differences, increases explicitly of CVS 

TeLC relative to CVS controls [n=6–9/group; 1-way ANOVA: F(3,24) = 4.200, p=0.0160; CVS 
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GFP v CVS TeLC, p=0.0211] (Figure 3.6A). Analysis of diastolic arterial pressure (DAP) 

revealed an effect of treatment and treatment by stress [n = 6-10/group; mixed-effects ANOVA: 

treatment F(1,439) = 17.94, p<0.0001; treatment x stress F(1,439) = 24.81, p<0.0001] (Figure 

S3B). Aggregate measurements of normalized AUC for DAP did not exhibit significant 

differences (Figure 3.6B). Mean arterial pressure (MAP) analysis demonstrated the effects of 

treatment and treatment by stress [n = 6-10/group; mixed-effects ANOVA: treatment F(1,439) = 

26.60, p<0.0001; treatment x stress F(1,439) = 14.16, p=0.0002] (Figure S3C). Cumulative 

measurements of normalized AUC for MAP unveiled significant differences, particularly 

between CVS and no CVS TeLC animal controls [n=6-9/group; 1-way ANOVA: F(3,24) = 

4.924, p=0.0083; CVS GFP v CVS TeLC, p=0.0193] (Figure 3.6C). Lastly, analysis of long-term 

heart rate measurements revealed effects of treatment, stress, and time by stress interactions [n = 

6-10/group; mixed-effects ANOVA: treatment F(1,455) = 14.08, p<0.0001; stress F(1,455) = 

5.753, p=0.0169; treatment x stress F(15,455) = 2.266, p=0.0043] (Figure S3D). Aggregate HR 

analysis using the normalized AUC also showed significant differences and revealed CVS GFP 

to be increased compared to no CVS GFP rats controls [n=6-9/group; 1-way ANOVA: F(3,25) = 

6.378, p=0.0023; CVS GFP v CVS TeLC, p=0.0456] (Figure 3.6D). Together, these results 

demonstrate that disrupted vmPFC-RVLM function predisposes male rats to CVS-induced 

increases of SAP and MAP.  
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Figure 3.6 CVS and vmPFC-RVLM disruption altered cumulative hemodynamic levels in males 
after long-term recordings. Analysis of cumulative SAP revealed CVS-induced increases in 
TeLC rats (A). No changes were seen in DAP (B). Increased MAP was seen in TeLC rats after 
CVS exposure (C). CVS caused HR increases in GFP controls (D). AUC: Area Under the Curve, 
AP: Arterial Pressure. * p<0.05.  
 

As with males, female hemodynamics were recorded over the 2 weeks of CVS while rats 

were in home cages. These radiotelemetry recordings were used to examine the effects of CVS 

and TeLC in females. SAP was analyzed using a mixed effects model to reveal an interaction 

effect of time by stress [n = 6–10/group; mixed-effects ANOVA: time x stress F(15,416) = 3.168, 

p<0.0001] (Figure S5A). An aggregate of SAP changes during long-term recordings was 

analyzed using the AUC of SAP normalized to No CVS GFP controls and baseline recordings. 

Significant increases were seen in both CVS groups compared to no CVS conspecifics in each 

treatment group [n=6–9/group; 1-way ANOVA: F(3,22) = 5.475, p=0.0058; no CVS GFP v CVS 
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GFP, p=0.0104; no CVS TeLC v CVS TeLC, p=0.0079] (Figure 3.7A). Next, analyzed chronic 

DAP recordings unveiled significant interaction effects in time by treatment and time by stress 

[n = 6–10/group; mixed-effects ANOVA: time x treatment F(15,420) =2.108, p=0.0089; time x 

stress F(15,420) = 3.351, p=0.0001] (Figure S5B). An analysis of normalized DAP AUCs did not 

identify any differences (Figure 3.7B). Circadian MAP was analyzed and interactions between 

time and stress were revealed [n = 6–10/group; mixed-effects ANOVA: time x stress F(15,420) 

= 3.363, p<0.0001] (Figure S5C). AUC of MAP recordings was significantly different based on a 

1-way ANOVA [n=6–9/group; 1-way ANOVA: F(3,21) = 4.361, p=0.0155] (Figure 3.7C). 

Further, CVS increases were seen in GFP and TeLC groups (no CVS GFP v CVS GFP, 

p=0.0107; no CVS TeLC v CVS TeLC, p=0.0361) (Figure 3.6C). Next, A multi-effects ANOVA 

on chronic HR recordings unveiled an interaction effect of time by stress [n = 6–10/group; 

mixed-effects ANOVA: time x stress F(15,421) = 5.990] (Figure S5D). Lastly, the AUC of HR 

was analyzed with an ANOVA and found differences [n=6–9/group; 1-way ANOVA: F(3,21) = 

6.178, p=0.0035] (Figure 3.7D). Additionally, CVS GFP was increased compared to no CVS 

GFP (no CVS GFP v CVS GFP, p=0.0005). Collectively, treatment effects were only evident 

during interactions with time when analyzing female hemodynamics. Therefore, these data 

powerfully illustrate the effects of CVS on female rats regardless of circuit status. 



 

76 
 

 

Figure 3.7 Cumulative female hemodynamic levels are altered with CVS and circuit disruption 
during chronic recordings. Analysis of cumulative SAP revealed increases in CVS rats regardless 
of treatment (A). No changes were seen in DAP (B). Cumulative MAP was increased in CVS 
rats regardless of treatment (C). HR was increased only in GFP controls (D). * p<0.05, ** 
p<0.01, **** p<0.0001. 
 
 After CVS, rats underwent a Novel Environment assay to measure acute hemodynamic 

reactivity (Figure S3A). Minute-to-minute time points of this assay were analyzed by stress, 

treatment, and time. Here, male SAP was analyzed using a multi-effects ANOVA, and effects of 

treatment and treatment by stress were found [n = 6–9/group; mixed-effects ANOVA: treatment 

F(1,496) = 21.99, p<0.0001; treatment x stress F(1,279) = 176.7, p<0.0001] (Figure S3E). A 

cumulative representation of SAP using AUC normalized to No CVS GFP controls. Percent 

changes of AUC were analyzed with an ANOVA, yet no differences were found (Figure 3.8A). 

Similarly, effects of treatment and treatment by stress were seen in DAP recordings [n = 6–
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9/group; mixed-effects ANOVA: treatment F(1,496) = 11.65, p=0.0007; treatment x stress 

F(1,279) = 126.6, p<0.0001] (Figure S3F). A 1-way ANOVA of normalized DAP AUC values 

did not reveal any significant differences (Figure 3.8B). A multi-effects analysis of MAP 

revealed effects of treatment, stress, and treatment by stress [n = 6–9/group; mixed-effects 

ANOVA: treatment F(1,406) = 35.32, p<0.0001; stress F(1,249) = 11.65, p=0.0054; treatment x 

stress F(1,249) = 9.337, p=0.0025] (Figure S3G). Analyzed aggregate MAP values did not detect 

any significant changes (Figure 3.8C). Lastly, HR during Novel Environment was analyzed. 

Likewise, effects of treatment and treatment by stress were identified [n = 6–9/group; mixed-

effects ANOVA: treatment F(1,496) = 16.38, p<0.0001; treatment x stress F(1,279) = 67.37, 

p<0.0001] (Figure S3E). Normalized percent changes ofHR AUC during Novel Environment 

was not significantly different (Figure 3.8D). Together, hemodynamic activity recorded 

throughout Novel Environment revealed effects of treatment on vasopressor and heart rate 

reactivity. However, analysis of cumulative measures  did not indicate any changes, suggesting 

that minute-to-minute effects of vmPFC-RVLM circuit disruption did not summate to larger 

changes in stress responding.  
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Figure 3.8 Cumulative male hemodynamic levels during Novel Environment showed no 
significant changes due to stress or treatment. Regardless of stress history or vmPFC-RVLM 
function, no significant differences were seen in SAP (A), DAP (B), MAP (C), and HR (D). 
 
 Following the administration of CVS, female rats were subjected to a Novel Environment 

assay to assess their immediate hemodynamic responses (Figure S3A). We conducted a mixed-

effects analysis of this assay, considering factors such as stress, treatment, and time. In the case 

of female SAP, we used an ANOVA to reveal significant effects attributable to treatment and 

stress, and interaction effects between time by treatment and time by stress [n = 6–9/group; 

mixed-effects ANOVA: treatment F(1,24) = 11.51, p=0.0024; stress F(1,24) = 11.56, p=0.0024, 

time x treatment F(30,720) = 2.375, p<0.0001; time x stress F(30,720) =1.479, p=0.0488] 

(Figure S4E). Additionally, we used an ANOVA to examine the cumulative representation of 

SAP using the percent change of normalized AUC to No CVS GFP controls. Here, significant 
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differences of aggregate SAP measurements were discovered [n=6–9/group; 1-way ANOVA: 

F(3,25) = 8.130, p=0.0006] (Figure 3.9A). Additionally, CVS groups were higher in GFP and 

TeLC cohorts (no CVS GFP v CVS GFP, p=0.0209; no CVS TeLC v CVS TeLC, p=0.0116] 

(Figure 3.8A). Similarly, when analyzing diastolic arterial pressure (DAP) recordings, we 

observed effects related to treatment and the interactions between time by treatment, time by 

stress, treatment by stress, and time by treatment by stress [n = 6–9/group; mixed-effects 

ANOVA: treatment F(1,24) = 19.34, p=0.0002; time x treatment F(30,720) = 7.128, p=0.0024, 

time x stress F(30,720) = 1.862, p=0.0037; treatment x stress F(1,24) = 8.751, p=0.0069; time x 

treatment x stress F(30,720) =3.121, p<0.0001] (Figure S4F). Further, a 1-way ANOVA of 

normalized DAP AUC values did reveal statistically significant distinctions [n=5–9/group; 1-

way ANOVA: F(3,25) = 8.130, p=0.0158] (Figure 3.8B). CVS TeLC was significantly increased 

relative to CVS conspecifics (no CVS TeLC v CVS TeLC, p=0.0344) (Figure 3.9B). Moving on 

to MAP, our analysis detected effects associated with treatment, time by treatment, time by 

stress, treatment by stress, and time by treatment by stress [n = 6–9/group; mixed-effects 

ANOVA: treatment F(1,24) = 15.69, p=0.0006; time x treatment F(30,720) = 7.351, p<0.0001, 

time x stress F(30,720) = 1.912, p=0.0025; treatment x stress F(1,24) = 8.154, p=0.0087; time x 

treatment x stress F(30,720) =3.599, p<0.0001] (Figure S4G). When we examined the 

aggregated MAP values, we found significant differences in normalized MAP AUCs  [n=5–

9/group; 1-way ANOVA: F(3,21) = 4.361, p=0.0155] (Figure 3.9C). Again, CVS TeLC was 

significantly increased relative to CVS conspecifics (no CVS TeLC v CVS TeLC, p=0.0344) 

(Figure 3.9C). 
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Finally, we analyzed HR during the Novel Environment assay. Similarly, we observed 

effects related to treatment and the interactions between time by treatment, treatment by stress, 

and time by treatment by stress [n = 6–9/group; mixed-effects ANOVA: treatment F(1,25) 

= 6.443 p=0.0177; time x treatment F(30,750) = 2.790, p<0.0001, treatment x stress F(1,25) = 

4.878, p=0.0366; time x treatment x stress F(30, 750) = 2.418, p<0.0001] (Figure S4H). 

Normalized AUCs of HR during the Novel Environment did not exhibit significant differences 

(Figure 3.9D). In summary, the assessment of female hemodynamic activity throughout the 

Novel Environment consistently revealed effects associated with the treatment. Specifically, 

vmPFC-RVLM disruption induces increased vasopressor reactivity in chronically stressed rats. 

 

Figure 3.9 Aggregate female hemodynamics during Novel Environment were altered based on 
stress history and circuit status. SAP was reduced in CVS rats in both treatment groups (A). 
TeLC rats after CVS had increased DAP (B) and MAP (C). No changes were seen in HR (D). * 
p<0.05. 
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3.3.6 RVLM-projecting vmPFC Neurons Have Collaterals Throughout the Brain 

 Throughout Chapter 3 an intersectional TeLC approach was used to disrupt the vmPFC-

RVLM circuit (Figure S3A). This technique transduced TeLC expression on RVLM-projecting 

vmPFC neurons (Figure 3.9A). Sparse extra-medullary vmPFC collaterals were seen in the 

posterior hypothalamus (B), lateral hypothalamus (C), lateral preoptic area (D), medial amygdala 

(E), nucleus tract of the solitary (F), and the medial dorsal thalamus (G). Therefore, each of these 

downstream vmPFC regions could be affected during our TeLC approach. 

 

 
 

Figure 3.10 RVLM-projecting vmPFC collaterals are present in select regions. Multi-virus 
schema utilized to express GFP on RVLM-projecting vmPFC neurons (A). vmPFC collaterals 
were observed in the PH (B), LH (C), LPO (D), MeA (E), NTS (F), MDT (G). LH: lateral 
hypothalamus, LPO: lateral preoptic area, PH: posterior hypothalamus, MeA: medial amygdala, 
MDT: medial dorsal thalamus, NTS: nucleus tract of the solitary.  
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3.3.7 vmPFC-RVLM Circuit is Necessary to Reduce PNMT Expression in Females 

 Due to the consistent effects of vmPFC-RVLM circuit disruption and CVS, TH and 

PNMT transcript density was quantified in female VLM neurons using ISH. In TH transcripts, 

we observed effects by VLM subregion and an interaction effect of treatment by stress 

[n = 4/group; mixed-effects ANOVA: subregion F(2,36) = 2.787, p=0.0178; treatment x stress 

F(1,36) = 13.95, p=0.0006] (Figure 3.11A). Post-hoc analysis indicated that CVS increased TH 

transcript density in rostral and caudal subregions (Rostral: no CVS GFP v CVS GFP, p=0.0189; 

Caudal: no CVS GFP v CVS TeLC, p=0.0122). Additionally, TeLC treatment reduced TH 

density in the RVLM of CVS animals (Rostral:CVS GFP v CVS TeLC, p=0.0377), yet increased 

transcript density in CVLM of no CVS (Caudal: No CVS GFP v No CVS TeLC, p=0.0300). 

Analysis of PNMT transcript density revealed subregional VLM differences, effects of 

treatment, and an interaction effect between VLM regions x treatment [n = 4/group; mixed-

effects ANOVA: subregion F(2,36) = 23.81, p<0.0001; treatment F(1,36) = 17.60, p=0.0002; 

subregion x treatment F(2,36) = 6.439, p=0.0041] (Figure 3.11B). Specifically, we observed 

TeLC treatment to increase PNMT density in rostral and intermediate VLM regions in no CVS 

and CVS groups (Rostral: No CVS GFP vs. No CVS TeLC, p<0.0001; Rostral: CVS GFP v CVS 

TeLC p=0.0095; Intermediate: CVS GFP v No CVS TeLC p=0.0444). Further, no CVS TeLC 

PNMT cell density was increased relative to CVS TeLC transcripts (Intermediate: No CVS 

TeLC v CVS TeLC, p=0.0362). These data suggest that vmPFC-RVLM circuit disruption via 

TeLC transduction increases PNMT transcript expression in no CVS and CVS rats. 
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Figure 3.11 Female TH and PNMT transcript density were altered by stress and circuit status in 
VLM subregions. CVS increased TH transcripts in GFP groups (A). PNMT transcripts were 
increased in TeLC rats (B). No CVS x GFP vs CVS x GFP: * p<0.05; No CVS x TeLC vs CVS 
x TeLC: # p<0.05; No CVS x GFP vs no CVS x TeLC: ! p<0.05, !!!! p<0.0001; CVS x GFP vs 
CVS x TeLC: ^ p<0.05, ^^ p<0.01. 
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3.4 Discussion 

Experiments executed throughout Chapter 3 demonstrated the effects of chronic stress on 

augmenting Epi/NE synthesis enzymes and the involvement of the vmPFC-RVLM circuit. First, 

gene expression analysis of the male and female VLM yielded data highlighting increased 

catecholamine synthesis enzyme transcripts following CVS. These data aided in the design of 

subsequent spatial transcriptomics experiments by identifying a candidate signaling system 

related to sympathoexcitation. To determine the role of the vmPFC-RVLM circuit during chronic 

stress, an intersectional viral strategy was used to express TeLC in RVLM-projecting vmPFC 

neurons, thereby disrupting vmPFC-RVLM signaling. TeLC-expressing vmPFC neurons had 

less synaptobrevin-2 protein located on terminals in the RVLM demonstrating that TeLC 

expression was effectively cleaving a synaptic vesicle protein needed for neurotransmitter 

release. This chronic circuit disruption approach was evaluated in a 2-week CVS paradigm in 

male and female rats. In males, CVS-exposed TeLC rats displayed decreased corticosterone 

levels in response to a novel stressor compared to control rats. CVS-naïve males showed no 

significant changes to TeLC treatment. In females, we similarly observed decreased glucose 

responding in TeLC vs GFP rats in no CVS groups. However, CVS TeLC female rats had 

increased glycemic and corticosterone stress responses compared to CVS control animals. 

Additionally, female CVS TeLC rats had increased behavioral avoidance, as indicated by less 

time spent in the center of an open field arena than CVS control rats. This behavioral effect was 

not present in males, demonstrating that the vmPFC-RVLM circuit is critical for approach-

avoidant behaviors in CVS-exposed females but not males.  

During radiotelemetry experiments, TeLC males and females had increased SAP and 

MAP in CVS groups throughout long-term basal recordings compared to no CVS TeLC rats. 
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When recording hemodynamics during Novel Environment, males displayed no differences 

regardless of stress or circuit status, yet females had increased hemodynamic stress reactivity. 

These results suggest the vmPFC-RVLM circuit is essential for preventing stress responses after 

chronic stress in female rats but not males. Further, this circuit regulation is necessary only after 

chronic stress exposure. To better understand this female-specific mechanism, TH and PNMT 

were probed using the TeLC circuit strategy to interrupt RVLM-projecting vmPFC output in 

female rats. Here, CVS-induced TH increases were seen throughout the VLM. Further, TeLC 

rats had increased PNMT densities in the RVLM. These data demonstrated that the vmPFC-

RVLM circuit is also necessary to limit CVS-induced increases in PNMT expression density in 

females RVLM neurons. 

Stress maladaptation is a multilevel biological process contributing to chronic stress-

induced disease progression. In pre-sympathetic nuclei like the RVLM, identifying the molecular 

and cellular mechanisms related to stress adaptation may expand our understanding of how 

stress-related pathologies develop. Characterization of RVLM transcripts has primarily been 

limited to identifying neuronal chemoidentities within this region (Stornetta, 2009). These 

studies carefully audited catecholaminergic neurons and reported coexpression of neuropeptides 

(Stornetta et al., 2002). Beyond these initial studies, large-scale RVLM gene expression analysis 

is focused mainly on aging-related studies in various contexts, i.e., estradiol administration, 

immune system markers, and an acute heat stressor (Balivada et al., 2017; Pawar et al., 2018; 

Subramanian et al., 2015). Moreover, none of these studies analyzed both sexes although our 

studies used separate rat suppliers for male and female rats. This variable may contribute to 

differences between males and females after chronic stress. Nonethelesss, TH was increased in 

CVS-exposed male and female rats (Figure 3.1). Critically, TH is the rate-limiting enzyme for 
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NE and Epi, which are synthesized in pre-sympathetic medullary neurons (Carlsson & Waldeck, 

1972). Therefore, increased TH can potentialy prime VLM neurons for increased 

catecholaminergic output to areas directly triggering HPA axis and sympathetic outflow. 

Clinical neuroimaging studies have revealed a close-knit link between medial prefrontal 

cortex (mPFC) activity and cardiovascular physiology (Beissner et al., 2013; Brooks et al., 2018; 

Shoemaker et al., 2015). As a critical autonomic coordinator, mPFC activity can predict HR 

reactivity to stress, while attenuated mPFC activity correlates with baroreceptor unloading, and 

augmented mPFC activity correlates with enhanced heart rate variability (Gianaros & Jennings, 

2018; Kimmerly et al., 2005; Ziegler et al., 2009). Such a connection epitomizes the influential 

role of the mPFC in the central autonomic network. Further, deep brain stimulation targeting the 

vmPFC induces hypotension by decreasing SAP (Lacuey et al., 2018). To better understand these 

phenomena, our lab stimulated the rodent vmPFC and measured in vivo physiological reactivity 

during acute and chronic stress using radiotelemetry and echocardiography (Wallace et al., 

2021). Stimulating vmPFC projection neurons during an acute stressor induced diminished HR 

reactivity, MAP, and plasma corticosterone in male rats (Wallace et al., 2021). Further, prior 

vmPFC stimulation in males reduced the incidence of cardiac sympathetic dominance, ventricle 

contractility deficits, and hypertrophic remodeling of the left ventricle (Wallace et al., 2021). 

Remarkably, none of these therapeutic effects were seen in female rodents undergoing the same 

optogenetic activation of vmPFC neurons (Wallace et al., 2021). To address the sexually 

divergent regulation of vmPFC output, our lab shifted its focus to vmPFC projection regions 

responsible for autonomic coordination. Revealing these discrete circuits could be imperative to 

understanding the therapeutic value of vmPFC stimulation due to the distinct physiological 

systems that may be leveraged. For example, a study using similar stimulation protocols as our 
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lab described stimulating separate vmPFC pathways to generate opposing behavioral responses 

to stress (Warden et al., 2012). Therefore, stimulating a specific vmPFC circuit may develop a 

therapeutically protective effect in females and males.  

The current studies sought to investigate the necessity of the vmPFC-RVLM circuit to 

reduce cardiovascular deficits caused by chronic stress. This approach utilized an intersectional 

TeLC approach as a projection-specific loss-of-function tool that functions by ablating 

synaptobrevin-2. Previous studies have demonstrated that TeLC-expressing neurons are unable 

to elicit evoked excitatory post-synaptic potentials and have reduced synaptobrevin-2 co-

expression (Boehringer et al., 2017; Han et al., 2015; Woods et al., 2020). Here, we recapitulated 

the latter finding in RVLM-projecting vmPFC neurons (Figure 3.1E). Moreover, using a viral-

mediated attenuation of the vmPFC-RVLM circuit allowed us to avoid optic implants or 

excessive cohorts in rats undergoing radiotelemetry surgeries and chronic stress. Although, using 

a TeLC approach does introduce certain caveats regarding unknown changes to the intrinsic 

firing of the affected neurons and post-synaptic modifications in the RVLM. As shown in 

Chapter 2, vmPFC neurons project to both catecholaminergic and inhibitory medullary neurons 

(Figure 2.2.7); hence, a change in presynaptic inputs may interrupt vital hindbrain 

microcircuitries that coordinate neurogenic regulation of hemodynamics and sympathetic 

outflow. These possible adaptations are a part of understanding the role of vmPFC-RVLM 

signaling, yet they also introduce additional variables when interpreting of circuit function. 

The male outcomes suggest the circuit may not be essential for acute stress reactivity, 

either before or after chronic stress exposure. Conversely, when the circuit is disrupted and 

combined with CVS, these variables interact to reduce glucocorticoid stress responses and 

impede glycemic recovery. This reduced glucocorticoid presence may contribute to elevated 
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glucose levels, as corticosterone plays a significant role in promoting glycolysis. Importantly, 

when examining behavioral responses or vascular reactivity during exposure to a novel stressor, 

there were no observable interaction effects. These findings imply that male vmPFC-RVLM 

projections predominantly influence neuroendocrine or metabolic responses. 

In female rats, the vmPFC-RVLM circuit functions to curb stress reactivity and is 

essential in dampening stress responses following exposure to chronic stress. Notably, this 

circuitry is not required to reduce stress reactivity in the absence of CVS. OF assays suggest the 

vmPFC-RVLM circuit may prevent avoidant behaviors following CVS. Similarly, interrupting 

RVLM-projecting vmPFC neurons caused an increase of TH density in the caudal VLM and 

increased PNMT density in the rostral and intermediate VLM of female rats. Therefore, more 

anatomical TeLC effects were seen when analyzing PNMT data compared to TH data. Notably, 

no post-hoc stress effects were seen in PNMT data by region. The lack of PNMT increases with 

CVS is challenging to interpret when PNMT is needed to derive Epi in the RVLM and parts of 

the intermediate medulla. Observing TeLC-induced increases in these specific subregions 

suggests that vmPFC-RVLM disruption may affect a particular part of the catecholamine 

synthesis pathway. The increased PNMT expression after circuit disruption means that VLM 

neurons could be primed to release more Epi, thereby triggering an increased stress response. 

Increased RVLM-PNMT expression in CVS TeLC females compared to CVS controls aligns 

with this hypothesis. These data suggest that after circuit disruption, increased PNMT expression 

in the RVLM may drive increased physiological and behavioral stress reactivity after CVS. 

Lastly, RVLM-projecting vmPFC neurons do not exclusively synapse at the RVLM. 

Instead, bifurcations along these terminals allow for collaterals to other brain regions. A 

qualitative inspection of a male rat brain showed these collaterals to be present in stress 
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response-involved regions like the lateral preoptic area, lateral hypothalamus, posterior 

hypothalamus, medial dorsal thalamus, medial amygdala, and the nucleus of the solitary tract 

(Figure 3.9). Therefore, any interpretations regarding RVLM-projecting vmPFC neurons must 

consider other affected postsynaptic areas.  

 

3.5 Conclusion 

 The experiments conducted in Chapter 3 shed light on the intricate mechanisms 

underlying the impact of chronic stress on the vmPFC-RVLM circuit and its potential role in 

mediating medullary catecholamine synthesis gene expression. Further, these data demonstrate 

the necessity of the vmPFC-RVLM circuit in limiting stress reactivity after chronic stress in 

female rats. In male rats, perturbation of the vmPFC-RVLM appears to alter integrated stress 

response patterns, although a certain level of circuit necessity may be present for cardiovascular 

function and reactivity. These studies build on prior studies (Chapter 2) that demonstrate the 

sufficiency of this circuit to reduce glucocorticoid responses after acute stress. This study design 

explored acute stress reactivity in rats exposed to CVS. CVS is a well-established model of 

chronic stress capable of generating metabolic, behavioral, and cardiovascular phenotypes that 

align with many stress-related pathologies. Critically, these stress response phenotypes, such as 

increased corticosterone, avoidance, and arterial pressure, are precursors to diseases caused by 

chronic stress, such as major depressive disorder (MDD) and cardiovascular disease (CVD) 

(Chida & Steptoe, 2010; Steptoe & Kivimäki, 2012). Females are at twice the risk of developing 

comorbidities like CVD and MDD than males (Eid et al., 2019; Goldstein et al., 2019; Möller-

Leimkühler, 2007). With this in mind, our integrative data sets consistently demonstrate that the 

vmPFC-RVLM circuit is integral for preventing exacerbated physiological responses after 
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chronic stress in females. Therefore, the vmPFC-RVLM is the first identified corticolimbic 

circuit necessary for endocrine, behavioral, and cardiovascular reactivity in females. Moreover, 

these results largely align with circuit activation studies presented in Chapter 2. The female 

vmPFC-RVLM circuit appears to be a part of the neurogenic sequelae resulting from chronic 

stress. Further mechanistic studies investigating RVLM-specific changes after stress and in the 

context of this circuit are still needed to identify a biological mechanism. Identifying and 

understanding this female-specific mechanism could help identify an avenue to minimize the 

harmful outcomes caused by chronic stress. 

 Gene expression findings suggested an augmentation of VLM catecholamine synthesis, 

potentially expanding the capacity of the VLM to drive neuroendocrine and sympathetic stress 

responses. Subsequent experiments focused on the vmPFC-RVLM circuit and its role in 

modulating catecholamine synthesis gene expression. Disrupting this circuit via TeLC 

transduction resulted in altered TH and PNMT transcript density in different VLM subregions. 

Notably, TeLC-induced increases in female PNMT expression suggest that vmPFC-RVLM 

disruption may prime VLM neurons to release more catecholamines, potentially amplifying 

stress reactivity after CVS. These findings emphasized the importance of the vmPFC-RVLM 

circuit in regulating VLM function and stress reactivity. Overall, these experiments provide 

valuable insights into the molecular and circuit-level adaptations that occur in response to 

chronic stress, with implications for our understanding of stress-related pathologies. The intricate 

interplay between the vmPFC-RVLM circuit and VLM gene expression highlights the 

complexity of stress adaptation and its potential contribution to disease progression. Further 

research in this area may offer new avenues for therapeutic interventions targeting the neural 

circuits involved in stress-related disorders. 



 

91 
 

Chapter 4: Discussion 

 

Hindbrain regions characterized by epinephrine and norepinephrine production play a 

vital role in coordinating stress responses by interpreting internal and external cues to maintain 

physiological balance. The key sources of epinephrine and norepinephrine in the brain are the 

NTS, VLM, and LC. These nuclei form an interconnected neural network with forebrain and 

spinal cord regions, enabling neuroendocrine, behavioral, and autonomic function integration. 

Despite advances in understanding these stress response systems, questions about the influence 

of sex, stress history, and circuit mechanisms persist. Here, we identify a prefrontal-medullary 

circuit that plays a role in inhibiting stress responses. The vmPFC sends signals to 

catecholaminergic neurons throughout the VLM, and stress-reactive vmPFC neurons project to 

the RVLM and CVLM. Activation of the vmPFC-RVLM circuit reduces glucocorticoid stress 

reactivity in both male and female rats, but hyperglycemia is blunted only in males. vmPFC-

RVLM circuit stimulation targets non-catecholaminergic neurons in the RVLM. 

Catecholaminergic neurons in the RVLM are involved in stress responses, with different 

populations targeting sympathetic and HPA axis pathways. GABAergic and glycinergic neurons 

in the VLM inhibit these responses. Therefore, the vmPFC-RVLM circuit may leverage these 

neurons, offering a circuit mechanism for controlling stress responses. 

Next, we explored the necessity of the vmPFC-RVLM circuit for limiting comprehensive 

stress responding and how it may interact with chronic stress. We used an intersectional TeLC 

approach to selectively reduce synaptobrevin-2 localization on RVLM-projecting vmPFC 

neuronal terminals. Chronic stress can have lasting effects on health, particularly in females, and 

the vmPFC-RVLM circuit appears crucial in mitigating these effects. TeLC and chronic stress-

exposed male rats showed decreased corticosterone levels during stress and reduced glycemic 
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recovery after stress, yet did not alter behavioral or cardiovascular stress reactivity. In females, 

circuit disruption and chronic stress resulted in increased glycemic, corticosterone, and arterial 

pressure stress reactivity and avoidance behaviors. Critically, these studies emphasize that the 

necessity of the vmPFC-RVLM circuit after chronic stress may be greater in females than males, 

highlighting the role of this pathway in preventing chronic stress-related outcomes in females but 

not males. 

Lastly, we investigated the effects of chronic stress on signaling machinery within the 

female RVLM. Our hypothesis-driven survey of specific transcripts revealed increased TH after 

chronic stress. To better understand the role of vmPFC inputs to the RVLM, we again employed 

a circuit-based TeLC approach and used ISH combined with IHC to determine the transcript 

density of TH and PNMT in various VLM subregions. Notably, the TeLC-induced elevation of 

PNMT expression in females suggests that interrupting this circuit could potentially enhance the 

release of Epi by RVLM neurons, thereby intensifying stress reactivity after CVS. These results 

largely align with the observed physiological endpoints and underscore the significance of the 

vmPFC-RVLM circuit in modulating VLM activity and stress responsiveness. 

 

4.1 Circuit manipulation approaches 

Collectively, these findings emphasize the importance of the vmPFC-RVLM circuit in 

regulating stress responses and suggest potential therapeutic strategies for addressing chronic 

stress-related health problems. However, a careful interpretation of this data is needed to best 

apply the gained knowledge to future studies. Notably, the utilized circuit manipulation 

approaches act to acutely stimulate vmPFC terminals in RVLM or chronically disrupt signaling 

machinery in RVLM-projecting vmPFC neurons. Although these techniques are gain-of-function 
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and loss-of-function approaches, they should not be taken as simply ‘turning on or off’ the 

circuit. Instead, the nuances of each approach must be carefully considered to understand the role 

of the circuit. 

Our experimental approach focused on precise optogenetic stimulation of vmPFC 

terminals within the RVLM. It is essential to note that this terminal stimulation can lead to 

downstream activation of targets, as observed in Figure 2.6, where RVLM-specific stimulation 

resulted in increased c-Fos expression in the caudal VLM, despite cannula placement being more 

rostral. Consequently, when assessing physiological endpoints using this method, it's crucial to 

consider the possibility of terminal stimulation. Our histological analysis of vmPFC-RVLM 

circuit stimulation revealed that the activated medullary cells were predominantly non-

catecholaminergic. It is worth noting that this stimulation occurred for 5 minutes in the 

homecage, 90 minutes before sacrifice. Critically, stress assays used 30 minutes of stimulation. 

Further, we used a stimulation frequency of 10 Hz based on patch clamp recordings of vmPFC 

neurons, ensuring continuous activation without concerns of depolarization-block (Wallace et al., 

2021). Nevertheless, the spike fidelity of RVLM neurons following 10 Hz vmPFC terminal 

stimulation remains uncertain. Despite these technical considerations, our data indicate that 

vmPFC-RVLM signaling effectively reduces glucocorticoid responses in both males and 

females.  

Furthermore, our findings suggest a working hypothesis where vmPFC neurons exploit 

local inhibitory medullary neurons to inhibit catecholaminergic neurons, thereby modulating the 

activation of the HPA and SAM axes. While these stimulation experiments show that the 

vmPFC-RVLM circuit reduces glucocorticoid stress reactivity in both sexes, sex-related 

differences may still exist. Challenges in direct statistical comparisons between males and 
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females exist due to variations in experimental parameters. For example, different viral amounts 

were injected into males and females to account for vmPFC area differences. Because of this, 

sex-specific differences in circuit strength between males and females would be difficult to 

identify.  

The second circuit manipulation approach was an intersectional viral strategy that 

transduced TeLC in RVLM-projecting vmPFC neurons. This approach reduces synaptobrevin-2 

presence and blocks evoked post-synaptic potentials (Boehringer et al., 2017; Han et al., 2015). 

However, these prior studies did not report if TeLC expression changes spontaneous post-

synaptic potentials or alters projection neuron cellular physiology. Furthermore, unlike 

optogenetics, this virus transduces expression over 8+ weeks and may cause pre- and post-

synaptic adaptations. These adaptations are not limited to the vmPFC or RVLM but include any 

RVLM-projecting vmPFC neurons with collaterals to other areas. We mapped these collaterals 

(Figure 3.11) and although they are sparsely present in various areas, these areas are involved in 

stress response systems. Therefore, this loss-of-function approach can best be interpreted as 

testing the necessity of RVLM-projecting vmPFC neurons by disrupting presynaptic 

infrastructure.  

 

4.2 Role of PFC in stress responding 

Human neuroimaging studies highlight the vmPFC's role in emotion, cognition, and 

physiological regulation. Alterations in vmPFC activity are linked to depression and stress-

related disorders, particularly in females. The growing focus on females in preclinical research 

and advances in neurobiological techniques have unveiled distinct sex-specific roles within 

vmPFC neural populations (Wallace et al., 2021; Wallace & Myers, 2023). In male rodents, 
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vmPFC glutamate neuron output reduces stress responses and coping and increases affective 

behaviors (Wallace et al., 2021). While less research has explored stress responding in females, 

our lab’s recent studies suggest the female vmPFC may play a comparatively opposing role in 

initiating neuroendocrine and autonomic stress responses and driving affective behavior 

(Wallace et al., 2021). In the studies presented here, female vmPFC neurons can regulate stress 

responding to the same degree as males, revealing that vmPFC function is dependent on specific 

downstream circuitries to modulate stress responses. Further, gonadal hormone signaling within 

the vmPFC neural and glial network may influence many of these distinctions. Broadly, 

estrogens appear to shield glutamate neurons from the consequences of chronic stress, whereas 

androgens modulate cortical dopamine function (Almey et al., 2014; Aubele & Kritzer, 2012; 

Dossat et al., 2018; Handa et al., 1997; Kritzer, 2003; Wallace & Myers, 2023; Yousuf et al., 

2019). Furthermore, the impact of chronic stress on vmPFC activity and cellular excitability 

varies for both sexes (Wallace & Myers, 2023; Wei et al., 2014). Ultimately, the intricate 

interplay between sex and stress significantly affects numerous aspects of vmPFC local networks 

and projections from vmPFC glutamate neurons (Wallace & Myers, 2021).  

Physiological and behavioral functions associated with the vmPFC are executed through 

an extensive network of downstream projections (Saper & Stornetta, 2014). These glutamatergic 

pyramidal neurons are seen to project throughout the brain, with the densest projections being 

the posterior hypothalamus (PH) and the nucleus reuniens of the thalamus (Vertes, 2004; M. 

Wood et al., 2019). Notably, relatively no projections are seen in the PVN, indicating an 

intermediate relay is necessary to influence PVN-derived stress responding (Ulrich-Lai & 

Herman, 2009; Vertes, 2004; Wood et al., 2019). Teasing out specific vmPFC downstream 

circuits can leverage differential stress responses (Warden et al., 2012). Furthermore, vmPFC 
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projection-specific vulnerabilities can be seen after chronic stress (Shansky et al., 2009). 

Collectively, this evidence suggests that specific vmPFC projections can alter facets of stress 

responses and that chronic stress can influence circuit-specific effects. 

How specific vmPFC projections differ between sex may spell out the intricacies of 

cortical coordination of physiological stress responses. Prior research has suggested that 

projection-specific circuits can be sex hormone-sensitive (Shansky et al., 2010), yet any sex 

differences within vmPFC downstream circuitries have only been reported by our lab. A recent 

study from our lab probed the vmPFC-PH circuit to reveal largely sex-specific results (Schaeuble 

et al., 2023). Here, the male vmPFC-PH circuitry actively enhances positive affective states and 

effectively reduces sympathetic-mediated stress responses. In contrast, the female vmPFC-PH 

circuit does not modulate social or preference behaviors. However, it is sufficient and necessary 

to elevate neuroendocrine stress responses. These findings underscore the intricate sex-specific 

modulation of stress reactivity and behavior through cortical projections to the hypothalamus. 

Further, these results predominately align with sex-specific effects after vmPFC somatic 

stimulation (Wallace et al., 2021). Together, these prior studies provide contextual and 

intellectual background surrounding our rationale to pursue an understanding of the vmPFC-

RVLM circuit. In addition, it points out the uniqueness of observing sex-similar results when 

stimulating the vmPFC-RVLM circuit.  

 

4.3 Role of RVLM in stress 

Catecholaminergic neurons in the RVLM are pivotal in driving stress responses and 

maintaining physiological homeostasis. RVLM Epi and NE orchestrate sympathetic stress 

responses, often called the ‘fight or flight’ response. These hindbrain catecholaminergic neurons 
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are activated in response to stressors and lead to postganglionic sympathetic neurons to mediate 

peripheral neural responses. Notably, while catecholaminergic neurons are instrumental in 

initiating the stress response, they also play a critical role in maintaining physiological 

homeostasis. In non-stressful conditions, these neurons release norepinephrine to regulate blood 

pressure, heart rate, and digestive processes, ensuring the body operates within its optimal 

parameters. This delicate balance between stress response activation and homeostasis 

maintenance is essential for overall health and adaptability to environmental challenges. 

Brain areas projecting to the RVLM are crucial in orchestrating the stress response. These 

areas include the hypothalamus, amygdala, prefrontal cortex, and dorsal brainstem (Rinaman, 

2011; Saha et al., 2005; Saper, 2002; Shafton et al., 1998). First, hypothalamic projections from 

the PVN are the most characterized hypothalamic afferent. PVN-derived inputs to the RVLM 

originate in the pre-sympathetic magnocellular cells (Ziegler et al., 2005). Notably, the quantity 

of PVN neurons engaged in RVLM projections, surpasses those projecting to the spinal cord by 

approximately sevenfold (Shafton et al., 1998). Further, PVN-RVLM activity correlates with 

renal sympathetic nerve activity alterations (Chen & Toney, 2010). Limbic inputs to the RVLM 

are less understood. Although limbic-RVLM circuits were identified decades ago (Gabbott et al., 

2007; Gabbott et al., 2005; Hurley et al., 1991; Yasui et al., 1991), little progress has been made 

in investigating the circuit until recent technological advancements made targeting this circuit 

possible. Thus far, these circuitries are canonically considered a systems-level mechanism 

providing cognitive control over stress reactions or a structural path to psychosomatic 

coordination (Dum et al., 2019; Saper & Stornetta, 2014). Lastly, dorsal medullary inputs from 

the NTS innervate local VLM inhibitory neurons to modulate VLM Epi/NE output (Gao et al., 

2019; Guyenet et al., 1990; Heesch et al., 2006). This microcircuitry is recruited by the 
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baroreflex to regulate sympathetic output and maintain cardiovascular homeostasis, underscoring 

the pivotal support these nuclei provide (Guyenet, 2006). From our studies, we describe a stress-

sensitive vmPFC-RVLM circuitry that can recruit this local inhibitory circuitry. These data 

provide a cellular mechanism of how cortical inputs can regulate various components of the 

RVLM-derived stress response. 

Unfortunately, not much is known about RVLM, specifically, in the context of preclinical 

models of chronic stress. However, many lines of research have used rodent models of elevated 

blood pressure (e.g. spontaneously hypertensive, obese, or salt-sensitive) and revealed elevated 

tonic activity of C1/RVLM neurons to be substrate for sympathetic-mediated hypertension 

(Huber & Schreihofer, 2011; Ito et al., 2000, 2001; Minson et al., 1996; Stocker et al., 2007). 

Further, chronic homotypic stressors are seen to increase TH expression in the male RVLM 

(Tóth et al., 2008). These studies align with our gene expression results and together indicate the 

RVLM is primed to release more Epi/NE and thereby drive sympathoexcitation after chronic 

stress. Keeping in mind that RVLM output is needed for sympathetic-induced vascular changes 

(Madden & Sved, 2003), identifying RVLM adaptations to chronic stress denote a fundamental 

step in understanding resulting physiological adaptations. Furthermore, understanding how the 

male and female RVLM differently adapt could help elucidate physiological sex differences 

relating to chronic stress. 

 

4.4 Male vmPFC-RVLM function 

Findings from males reveal the vmPFC-RVLM circuit to have intricate roles in acute 

stress reactivity and physiological regulation in the context of chronic stress. Optogenetic 

stimulation experiments demonstrated that the circuit is sufficient at reducing acute stress 
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responses. However, the results from TeLC experiments suggest the circuit is not necessary for 

acute stress reactivity in no CVS rats. Conversely, circuit disruption and CVS interact to reduce 

glucocorticoid stress responses and glycemic recovery. Decreased circulating glucocorticoids 

may account for the increased glucose levels because corticosterone drives glycolysis (Kuo et al., 

2015). Notably, no circuit or stress interaction effects were seen when observing exploratory 

behavior or cardiovascular reactivity during novel stressors. In the context of stress responding, 

these data suggest that vmPFC-RVLM projections may predominately affect glucocorticoid 

stress responses as seen in optogenetic stimulation and TeLC studies. As previously described, 

intermediate and caudal regions of the VLM project to the PVN to influence HPA axis output 

and drive glucocorticoid secretion (Ritter et al., 2019a). These data suggest that vmPFC-RVLM 

function after CVS may preferentially affect neurons with ascending projections. As described in 

Figure 2.2, stress-sensitive vmPFC neurons have parallel and divergent projections to the RVLM 

and CVLM, thereby confirming a possible structural circuit mechanism.  

Homecage radiotelemetry recordings revealed an interaction of CVS and vmPFC-RVLM 

signaling on basal cardiovascular measures. Here, systolic and mean AP was increased after 

CVS in TeLC rats. Although no effects were observed on stress reactivity, a disrupted vmPFC-

RVLM circuit unmasked effects of CVS on resting AP suggesting that circuit function may 

predominately affect maintence of baseline AP rather than vasopressor reactivity during stress. 

RVLM Epi/NE neurons are vital to tonic and reflexive control of cardiovascular function 

(Madden et al., 2006; Madden & Sved, 2003). How these catecholaminergic medullary neurons 

can differentiate between those functions remains to be determined. However, it is possible that 

vmPFC-RVLM function after CVS mainly impacts Epi/NE neurons with ascending projections, 

as previously proposed. Ascending projections to other regions with pre-sympathetic bulbospinal 
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projections, like the LC, could account for baseline increases in AP (Crawley et al., 1980; Sved 

& Felsten, 1987; Wood & Valentino, 2017). This hypothesized male-specific mechanism for 

vmPFC-RVLM projections can also be supported by gene expression data revealing increased 

TH expression after CVS. Together, these data underscore the contribution of vmPFC-RVLM 

circuit function after CVS on specific stress response systems. 

 

4.5 Female vmPFC-RVLM function  

From both circuit manipulation approaches, each finding in female rats indicated that the 

vmPFC-RVLM circuit is sufficient to reduce stress reactivity and necessary to blunt stress 

responses after chronic stress exposure. Critically, TeLC-induced increases of glucocorticoid, 

glycemic, and AP reactivity to stress are unveiled with CVS. CVS in females augments the 

number and magnitude of synaptic machinery transcripts that could interact with a vmPFC-

RVLM circuit (Figure 3.1). Notably, increases of TH expression are seen after CVS implying an 

increased capacity to synthesize and release Epi/NE. Therefore, if CVS-exposed rats are 

predisposed to facilitate stress responses, disrupted vmPFC-RVLM function identifies the 

necessity of the circuit to reduce physiological stress responses. However, the exact mechanism 

underlying vmPFC-RVLM function and CVS interactions may be more complicated. Gene 

expression data identified numerous transcripts altered by CVS (48 of 74 transcripts). Moreover, 

these transcripts are involved in excitatory, inhibitory, and steroid signaling, thereby clouding a 

clear or simple interpretation of medullary adaptations after CVS. Although, increased 

expression of signaling machinery can indicate an added level of regulation within the VLM. 

Regardless, more studies are needed to best understand how the female VLM changes after 

chronic stress and how those changes impact physiological outcomes.  
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Notably, CVS-induced increases on baseline cardiovascular measures occur in vmPFC-

RVLM disrupted and circuit-intact rats. Therefore, the weight of vmPFC-RVLM signaling 

occurs primarily during stress responding. This observation is in line with RTPP data, where rats 

are habituated to the arena to reduce neophobia. Critically, circuit stimulation did not show any 

preference or avoidance for vmPFC-RVLM activation during the RTPP assay. OF assays from 

TeLC experiments indicate that the vmPFC-RVLM circuit may drive avoidant behaviors after 

CVS. It is plausible that a lack of affective effect in RTPP may be driven by stress-history or by 

the specific behavioral phenotype we are probing. The role of vmPFC-RVLM function may be 

minimized in no CVS rats, thus leading to no effect in stimulation studies compared to TeLC 

assays. Future vmPFC-RVLM stimulation experiments on CVS animals could test this 

hypothesis. Further, RTPP and OF assays probe affective motivation and exploration, 

respectively. vmPFC-RVLM function could drive exploration avoidance yet have no effect on 

affective motivation. However, we need more behavioral tests to gain a clearer understanding of 

the role of vmPFC-RVLM function. We also need to determine whether this function directly 

influences behaviors or if it interacts with other physiological systems that shape behavior. 

 

4.6 Conclusion  

The reported collection of studies provides valuable insights into the role of the vmPFC-

RVLM circuit in regulating stress responses and how function differs between sexes. In all, the 

data collected through the described experiments highlight the significance of hindbrain regions 

responsible for epinephrine and norepinephrine production in coordinating stress responses, with 

vmPFC-RVLM circuit stimulation being sufficient to inhibit stress responses in male and female 

rats. To a degree, these stimulation studies recapitulate ongoing clinical work utilizing deep brain 
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stimulation (DBS). For the past 20 years, DBS of the vmPFC provided symptom relief for 

treatment-resistant depression (Crowell et al., 2019). However, this line of studies had difficulty 

achieving a stable recovery in patients, leading to trial-and-error stimulation adjustments. 

Recently, this research group utilized an AI model to modify stimulation parameters based on 

imaging of structural and functional connectivity within the vmPFC white matter network while 

also matching facial expression changes during stimulation sessions (Alagapan et al., 2023). 

Albeit preliminary, these adjustments have been able to reduce clinical symptoms in 90% of 

participants and achieve long-term remission in 70% (Alagapan et al., 2023). From clinical 

studies like these, our results can assist in providing a circuit-level mechanism of vmPFC-

mediated effects on stress-related health outcomes. Furthermore, these clinical studies indicate 

that employing dynamic circuit stimulation methods can help us gain a deeper understanding of 

the complete range of behavioral and physiological effects related to vmPFC-RVLM regulation. 

Additionally, this circuit appears necessary for reducing neuroendocrine, behavioral, and 

cardiovascular stress responses in female rats exposed to chronic stress. This sex-bias of circuit 

function and stress history to females, emphasizes the role of the vmPFC-RVLM in preventing 

chronic stress-related outcomes. Critically, pathologies associated with chronic stress 

predominately affect women, adding interest to this neural pathway. Additionally, these 

experiments emphasize the complexity of manipulating this circuit and the need for a nuanced 

interpretation of the results. The comprehensive analysis of multiple physiological stress 

responses emphasize the importance of considering various factors, such as stimulation duration, 

circuit strength, and sex-specific variations in experimental parameters. The resulting data 

underscore the need for future studies to understand how the vmPFC-RVLM circuit interacts 

with multiple physiological systems and the interplay between these systems in the context of 
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chronic stress. Overall, the research reported offers valuable insights into the intricate 

mechanisms underlying stress regulation and the potential therapeutic implications of targeting 

the vmPFC-RVLM circuit. 
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Appendix 

Table S1 Distribution of estrous cycle phase during Experiment 3 described in Chapter 2. 
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Figure S1 Intersectional TeLC approach targeted RVLM-projecting vmPFC neurons. Schema for 
vmPFC-RVLM circuit disruption used in 2x2x2 study (A). RVLM retroAAV-Cre injections 
were mapped onto Swanson Rat Brain Atlas (3rd edition) coronal sections in male rats (B). Male 
body weights were recorded periodically throughout the experiment, as well as adrenal weights 
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at the time of death (C). RVLM retroAAV-Cre injections were mapped onto Swanson Rat Brain 
Atlas (3rd edition) coronal sections in female rats (D). Male body weights were recorded 
periodically throughout the experiment, as well as adrenal weights at the time of death (E). 
AAV-DIO-GFP: Cre-dependent adeno-associated virus encoding GFP expression, AAV-DIO-
TeLC-GFP: Cre-dependent adeno-associated virus encoding TeLC and GFP expression, 
AAVretro-Ef1a-Cre-mCherry: retrograde traveling adeno-associated virus encoding Cre under 
the promoter eukaryotic translation elongation factor 1 α, CVS: chronic variable stress, GFP: 
green fluorescent protein, no CVS: no chronic variable stress, sac: day rats were euthanized, 
SynB2: synaptobrevin-2, TeLC: tetanus toxin light-chain, vmPFC: ventromedial prefrontal 
cortex. No CVS x GFP vs CVS x GFP: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001; No 
CVS x TeLC vs CVS x TeLC: # p<0.05, ## p<0.01, ### p<0.001, #### p<0.0001; No CVS x 
GFP vs no CVS x TeLC: ! p<0.05, !! p<0.01, !!! p<0.001, !!!! p<0.0001; CVS x GFP vs CVS x 
TeLC: ^ p<0.05, ^^ p<0.01, ^^^ p<0.001, ^^^^ p<0.0001. 
 

 

Figure S2 TeLC-mediated circuit disruption in RVLM-projecting vmPFC neurons. Experimental 
timeline for vmPFC-RVLM disruption experiments (A). Representative images of viral 
injections targeting the vmPFC and RVLM used to target RVLM-projecting vmPFC neurons 
(B). Schema for vmPFC-RVLM circuit disruption (C). retroAAV-Cre injections targeting the 
RVLM were mapped onto Swanson Rat Brain Atlas (3rd edition) coronal sections in male rats 
(D). Male body weights and adrenal weights were logged throughout the experiment at the time 
of death (E). RVLM retroAAV-Cre injections were mapped onto Swanson Rat Brain Atlas (3rd 
edition) coronal sections in female rats (F). Female body weights were logged during the 
experiment, as well as adrenal weights (G). AAV-DIO-GFP: Cre-dependent adeno-associated 
virus encoding GFP expression, AAV-DIO-TeLC-GFP: Cre-dependent adeno-associated virus 
encoding TeLC and GFP expression, AAVretro-Ef1a-Cre-mCherry: retrograde traveling adeno-
associated virus encoding Cre under the promoter eukaryotic translation elongation factor 1 α, 
CVS: chronic variable stress, GFP: green fluorescent protein, no CVS: no chronic variable stress, 
sac: day rats were euthanized, SynB2: synaptobrevin-2, TeLC: tetanus toxin light-chain, vmPFC: 
ventromedial prefrontal cortex. No CVS x GFP vs CVS x GFP: **** p<0.0001; No CVS x 
TeLC vs CVS x TeLC: #### p<0.0001 
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Table S2 Somatic data from rats used in RVLM gene expression experiments. Described in 
Experiment 1 of Chapter 3. Effect of CVS within sex * p<0.05 

 

Table S3 Distribution of estrous cycle phase during RVLM gene expression experiments. 
Described in Experiment 1 of Chapter 3. 
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Table S4 Effects of chronic stress on male ventrolateral medulla gene expression profiles 
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Table S5 Effects of chronic stress on female ventrolateral medulla gene expression profiles

 



 

146 
 

 
 
Figure S3 Male circadian hemodynamic recordings. 
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Figure S4 Female circadian hemodynamic recordings. 
 
 
Table S6 Distribution of estrous cycle phase during circuit disruption endocrine experiments. 
Described in Experiment 2 of Chapter 3. 
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Table S7 Distribution of estrous cycle phase during circuit disruption telemetry experiments. 
Described in Experiment 3 of Chapter 3. 
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Table S8 Gene target sequences for Nanostring probes
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