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Abstract 

 Chronic stress-induced psychiatric disorders, such as anxiety and depression, are some of 

the most widespread pathologies across the globe. Nevertheless, first-line treatments such as 

selective serotonin reuptake inhibitors (SSRIs) have limited efficacy. Recent evidence suggests 

that dysregulation of neuropeptidergic signaling pathways, particularly those involving pituitary 

adenylate cyclase-activating polypeptide (PACAP), may play a key role in the pathophysiology 

of anxiety and depression. This study investigates the existence and functional relevance of a 

novel PACAP-sensitive circuit extending from the bed nucleus of the stria terminalis (BNST) to 

the medial habenula (MHb), and from the MHb to the interpeduncular nucleus (IPN), a pathway 

hypothesized to mediate the generation of chronic stress-induced psychopathologies. 

 To assess this circuitry, we conducted two experiments. In Experiment 1, PAC1-Ires-Cre 

mice received stereotaxic injections of a Cre-dependent AAV vector encoding mCherry into the 

MHb to label PAC1R-expressing neurons. Subsequent imaging revealed that these neurons 

terminate in the IPN, validating the existence of a PACAP-sensitive MHb-IPN projection. In 

Experiment 2, retrograde tracing with Fluoro-Gold infusions into the IPN of C57BL/6 mice was 

used to identify upstream afferents. While technical limitations affected signal detection in the 

MHb, a fluorescent signal detected in the lateral habenula (LHb) and rostromedial tegmental 

nucleus (RMTg) suggests anatomical overlap and possible off-target tracer diffusion. 

 These findings support the existence of a BNST-MHb-IPN projection in which PACAP-

secreting neurons in the BNST activate PAC1R-expressing and Substance P (SP) secreting 

neurons in the dorsal MHb, which in turn synapse onto the IPN. Dysregulation of this pathway 

likely contributes to the emergence of stress-induced anxious and depressive behavior. Given the 

downstream connectivity of the IPN with serotonergic nuclei such as the dorsal raphe, this 
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pathway may represent the mechanism through which chronic stress disrupts systemic 

serotonergic tone and generates psychopathology. The anatomical and functional insights gained 

from this study emphasize the therapeutic potential of targeting PACAP and SP signaling within 

this circuitry to treat chronic stress-related disorders such as depression and anxiety. 
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Introduction 

As of 2025, the two most common psychiatric conditions globally are anxiety and 

depression. Some research shows that the lifetime prevalence of anxiety disorders is 49.5%, 

while the lifetime prevalence of diagnosable depression is 41.4%. The past-year prevalence of 

anxiety disorders is 22.8%, and the same statistic for depression is 16.7%. The occurrence of 

these disorders also appears to be increasing (Moffitt et al., 2010). Moreover, anxiety and 

depression significantly increase the risk for developing other, more severe disorders, such as 

drug addiction (Vorspan et al., 2015). Given the high prevalence and increasing incidence of 

anxiety and depression, as well as their potential to develop severe comorbid conditions, these 

disorders represent a severe public health concern that demands more effective and targeted 

therapeutic interventions. 

Today, the first-line treatment for both anxiety and depression is selective serotonin 

reuptake inhibitors (SSRIs). However, despite their prevalence and long history of use, the 

efficacy of these medications is still disputed. In a meta-analysis from 2011, researchers found 

that SSRI treatment was not significantly effective compared to placebo (Nelson & Devanand, 

2011). Another study that treated 508 depressed individuals with SSRIs achieved an absence of 

depression in only 10% of participants (Prasko et al., 2019), further emphasizing the inefficacy 

of SSRI treatment. Also, the incidence of suicide is not affected by SSRI treatment, and in some 

cases, SSRIs may even increase the likelihood of suicide occurring (Gunnell et al., 2005). 

Another disadvantage of these medications is their relatively slow onset, as a therapeutic 

benefit is often only observed after 2-4 weeks of use. Due to the nature of the pharmacological 

mechanism behind SSRI treatment, any drug with a significantly faster onset of action will likely 

require the exploration of novel therapeutic pathways (Gelenberg & Chesen, 2000). Being aware 
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of this reality, it is critical to investigate and develop new pharmaceutical mechanisms to treat 

anxiety and depression. Until recently, the prevailing mechanistic hypothesis behind depression 

and anxiety involved the disruption of circuits mediated by monoamine neurotransmitters (such 

as serotonin and dopamine). Though this ‘monoamine hypothesis’ may accurately reflect some of 

the physiological basis for depression and anxiety, it does not provide a complete explanation. 

Recent studies show that dysregulation of circuits mediated by novel peptide neurotransmitters 

may also play a significant role in the development of these mental disorders. Thus, researchers 

predict that pharmaceuticals aimed at these stress-related neuropeptide targets will become more 

reliable treatment options in the future of psychiatry (Rana et al., 2022). 

One of these novel peptide neurotransmitters, pituitary adenylate cyclase-activating 

polypeptide (PACAP), appears to play a key role in generating chronic stress-induced anxiety 

and depression. PACAP has been shown to modulate the hypothalamic-pituitary-adrenal (HPA) 

axis by regulating corticotropin-releasing hormone (CRH) secretion in the paraventricular 

nucleus (PVN) of the hypothalamus, and it also regulates adrenomedullary catecholamine 

secretion and synthesis (Mustafa, 2013). Essentially, upregulated PACAP expression results in 

increased serum concentrations of glucocorticoids and epinephrine (adrenaline), hormones that 

play a critical role in the physiological response to stress. This physiological response is partly 

mediated by PACAP-producing neurons in the bed nucleus of the stria terminalis (BNST) that 

synapse onto CRH-secreting neurons in the PVN of the hypothalamus, causing activation of the 

HPA-axis. This engagement of the HPA axis facilitates a peripheral response to chronic stress, 

mediated by the secretion of the aforementioned stress hormones. In addition to mediating the 

peripheral response to chronic stress through projections to the hypothalamic PVN, other 

PACAP-producing neurons in the BNST project to nuclei further downstream in the limbic 
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system to facilitate the generation of anxious/depressive behavior (Hammack et al., 2010). The 

goal of the Hammack lab is to continue mapping and articulating the function of the PACAP 

circuitry involved in generating these maladaptive behavioral responses to chronic stress.  

The BNST appears to facilitate this maladaptive response to chronic stress via a PACAP-

mediated projection to the medial habenula (MHb). A growing body of evidence suggests that 

dysfunction of the MHb plays a critical role in the development of various psychiatric symptoms. 

For instance, congenitally helpless rats—an established animal model for depression—exhibit 

elevated metabolic activity in the MHb, suggesting that hyperactivity in this region may be 

linked to chronic stress-related disorders (Shumake et al., 2003). While MHb overexcitation is a 

hallmark of depression and anxiety models, deficient MHb activity also gives rise to pathological 

behavior. MHb-lesioned rats exhibit significant spatial learning and memory deficits, as 

measured by the Morris water maze (Lecourtier et al., 2004). They also demonstrate fragmented 

sleep cycles, reduced effort in decision-making tasks, and increased hyperactivity and 

impulsive/compulsive behaviors (Kobayashi et al., 2013). These lesion studies show that 

disrupting MHb function produces a complex behavioral phenotype marked by broad 

impairments in cognition and motivation. Collectively, this evidence supports the notion that 

dysregulation of the MHb contributes to a range of maladaptive processes implicated in 

neuropsychiatric disorders. 

Previous researchers in the Hammack lab have discovered a robust PACAP projection 

from the BNST to the MHb, as well as PACAP receptor (PAC1R) mRNA transcripts in the MHb. 

This research also showed that PACAP infusion into the MHb induces anhedonic behavior 

(inability to experience pleasurable sensations) on the sucrose preference test, a widely accepted 

marker for depression. In rodents exposed to a chronic variate stress (CVS) paradigm, infusion of 
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PAC1R antagonist into the same region was also shown to block the development of anhedonic 

behavior (not published). The purpose of the CVS paradigm is to simulate the effects of chronic 

stress in a lab setting, and our CVS paradigm has been shown to reliably mimic the effects of 

chronic stress on neuronal PACAP expression (King et al., 2017). Because increased PACAP 

activity in the MHb induces anhedonia, and a PACAP blockade in the MHb was found to prevent 

the development of anhedonia, this suggests that a PACAP-mediated circuit from the BNST to 

the MHb may be critically implicated in the behavioral response to chronic stress. Still, how this 

signal is propagated after reaching the MHb has not yet been researched.  

Other research has shown that two understudied projections of cholinergic neurons and 

substance P (SP) expressing neurons from the MHb to the interpeduncular nucleus (IPN) also 

influence maladaptive responses to chronic stress. Most neuronal cell bodies in the MHb (that do 

not signal intrinsically) appear to synapse onto the IPN via these SP-mediated and cholinergic 

projections, causing activity of IPN neurons to be largely regulated by this dense projection from 

the MHb (Molas et al., 2017). Also, in rats exposed to chronic stress, metabolic activity and SP 

expression are increased in both the MHb and IPN. However, MHb lesions in these chronically 

stressed rats blocked this process in the IPN, which implies that upregulated SP-ergic MHb-IPN 

signaling is implicated in the physiological responses to chronic stress (Xu et al., 2018). Neurons 

in the IPN activated by the MHb continue to propagate this signal via a robust projection to the 

dorsal raphe nucleus, a brainstem nucleus that plays a major role in mediating serotonergic tone 

throughout the brain (Lima et al., 2017). Consequently, chronic stress-induced dysregulation of 

the SP and cholinergic MHb-IPN projections may disrupt monoaminergic signaling and 

contribute to widespread neurochemical imbalance across the brain. 
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Like PACAP, SP is a peptide neurotransmitter implicated in the generation of anxious and 

depressive behaviors. In rodents, SP expression is increased in multiple limbic brain nuclei after 

exposure to stress (Siegel et al., 1984). Injection of SP or agonists of the neurokinin-1 receptor 

(NK1R; the receptor for which SP is a ligand) has also been shown to generate anxiety, while 

injection of NK1R antagonists attenuates anxious behavior (Santarelli et al., 2001; Teixeira et al., 

1996). Furthermore, serum SP levels are increased in humans diagnosed with major depression 

(Bondy et al., 2003). In summary, it is likely that the SP/NK1R system also plays a significant 

role in the generation of stress-induced anxious and depressive behaviors. 

The MHb-IPN axis has also been identified as an important mediator of stress-induced 

behaviors in models of substance use disorder (SUD), and it appears likely that the cholinergic 

MHb-IPN projection is responsible for this (Metzger et al., 2021). A blockade of nicotinic 

acetylcholine receptors (nAchRs) on the receiving neurons of the cholinergic MHb-IPN 

projection has been shown to attenuate withdrawal-generated anxiety symptoms in rodents 

addicted to both ethanol and nicotine, suggesting that this circuit plays a critical role in 

anxiogenesis related to withdrawal from multiple substances (Perez et al., 2015). Additionally, 

the infusion of 18-methoxycoronaridine (18-MC; a derivative of ibogaine synthesized by 

members of the UVM chemistry department), which is a potent inhibitor of α3β4 nAchRs, 

directly into the MHb or IPN has been shown to alleviate the behavioral withdrawal symptoms 

of both morphine and methamphetamine (McLaughlin et al., 2017). Furthermore, 18-MC 

infusion into either the MHb or IPN reduces methamphetamine self-administration (Glick et al., 

2008). This data indicates that a blockade of the cholinergic MHb-IPN projection may alleviate 

the symptoms of stress that facilitate pathological behaviors associated with addiction and 
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withdrawal, suggesting that the cholinergic MHb-IPN projection is implicated in the generation 

of stress-induced behavior in these models of SUD. 

Other evidence shows that activation of the cholinergic MHb-IPN projection may be 

mediated by PACAP-secreting neurons in the BNST. Prior collaboration with other PACAP-

focused Laboratories at UVM has demonstrated that PACAP expression in the BNST (upstream 

from the MHb) is significantly increased during cocaine self-administration using rodent models. 

PACAP antagonist infusion into the BNST of rodents with cocaine dependence was shown to 

prevent reinstatement of cocaine seeking, and infusion of PACAP (agonist) was found to induce 

reinstatement of cocaine seeking (Miles et al., 2018). Given the previously discussed anatomical 

connection between the MHb and IPN, this evidence implies that in models of SUD, PACAP-

secreting neurons in the BNST may activate cholinergic neurons in the MHb, thereby facilitating 

an increase in addictive and anxious behaviors via overactivation of the cholinergic MHb-IPN 

projection. 

However, in rats exposed to chronic stress, efferent cholinergic signaling from the MHb 

is downregulated. Conversely, efferent SP signaling from the MHb is upregulated in rats exposed 

to chronic stress (Xu et al., 2018). This implies that the cholinergic MHb-IPN projection may 

play a larger role in mediating the behavioral response to acute stressors (such as acute 

withdrawal syndrome). In contrast, the SP-mediated MHb-IPN projection likely plays a more 

significant role in generating maladaptive responses to chronic stressors. Emerging evidence 

further implicates the SP-mediated MHb-IPN projection in the development of chronic stress-

induced behavioral maladaptations. In rats exposed to chronic stress, SP concentrations in the 

IPN are significantly elevated compared to controls, suggesting increased SP secretion from 

afferent neurons. This increase appears to be driven by the MHb, as MHb lesions in rats exposed 
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to chronic stress lead to a marked reduction in IPN SP concentration relative to sham-lesioned 

counterparts. Importantly, these MHb lesions also attenuate anhedonic behavior—a core 

symptom of depression—implying that excessive SP signaling from the MHb to the IPN causes 

the emergence of maladaptive behaviors under conditions of chronic stress (Xu et al., 2018).  

Recent evidence from other PACAP-focused laboratories at UVM has also shown that the 

PACAP-secreting neurons of the BNST preferentially project to the dorsal MHb rather than the 

ventral MHb (unpublished). This is important because neurons in the dorsal MHb comprise the 

SP-mediated projection from the MHb to the IPN, while neurons in the ventral MHb form the 

cholinergic MHb-IPN projection (Molas et al., 2017). This implies PACAP-secreting neurons of 

the BNST preferentially activate the SP-ergic MHB-IPN projection rather than the cholinergic 

projection. This preferential activation by PACAP-secreting BNST neurons further implicates the 

SP-mediated MHb-IPN projection in the behavioral response to chronic stress.  

Given the strong PACAP-mediated anatomical connection between the BNST and MHb, 

along with the robust SP-mediated projection from the MHb to the IPN, this circuitry is well-

positioned to mediate stress-related behaviors. The MHb also contains a high concentration of 

mRNA transcripts encoding PAC1 receptors, which likely bind PACAP secreted from BNST 

neurons. Furthermore, activation of SP-expressing neurons in the MHb that synapse onto the IPN 

has been shown to induce anxious and depressive behavior, while lesions of these neurons 

attenuate these behaviors. Together, these findings suggest anxiogenic PACAP signaling that 

originates in the BNST may exert its behavioral effects by activating SP-expressing neurons of 

the MHb-IPN axis. Moreover, considering that modulation of the MHb-IPN axis can have a 

substantial and wide-ranging effect on the manifestation of multi-drug withdrawal symptoms, 

and that PACAP activity in the BNST upstream of the MHb has been shown to mediate cocaine-
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seeking behavior, it is likely that dysregulation of the BNST-MHb-IPN circuitry plays a key role 

in modulating maladaptive responses to addiction. Therefore, this BNST-MHb-IPN circuitry may 

become a useful pharmacological target for novel therapeutics that seek to alleviate anxiety, 

depression, or multi-drug withdrawal symptoms. 

The goal of this study was to provide more robust evidence for the connection between 

the PACAP-mediated projection from the BNST to the MHb, and the SP-mediated projection 

from the MHb to the IPN. Using four PAC1-Ires-Cre mice, an anterograde tracer in the form of a 

Cre-recombinase dependent adeno-associated virus (AAV) vector was implanted into the MHb, 

highlighting PAC1R-expressing neurons in the MHb with the fluorescent protein mCherry. Also, 

a nonspecific retrograde tracer (Fluoro-Gold) was implanted into the IPN of seven C57BL/6 

mice, highlighting all neurons afferent to the IPN. Consequently, significant overlap of these 

tracers indicated that the SP-ergic MHb-IPN axis is mediated by PACAP-secreting neurons in the 

BNST. Thus, this study shows that the MHB-IPN axis likely plays a key role in the development 

of chronic stress-induced psychopathologies by continuing the propagation of anxiogenic 

PACAP signaling from the BNST. 

 

Methods  

Experiment 1 

Animals 

The first experiment of this study used four PAC1-Ires-Cre mice. In these mice, Cre 

recombinase is selectively expressed in PAC1R-expressing neurons, enabling the Cre-dependent 

AAV vector to drive mCherry expression specifically in PACAP-receiving neurons. These mice 

were all males aged between 1 and 2 years, as they were available from previous experiments in 
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the Hammack lab. Throughout their time in the lab, the mice were housed in a colony room with 

a 7:00 AM to 7:00 PM light cycle at 23.3℃. Mice were jointly housed in double or triple cages 

with unlimited access to food and water until surgery, after which they were singly housed. The 

animal care procedures utilized in this study were approved by the University of Vermont’s 

Institutional Animal Care and Use Committee (IACUC). 

 

Surgery 

 Infusion of the AAV vector into the MHb required stereotaxic surgery. Prior to surgery, 

the head of each mouse was shaved and sterilized with iodine solution. Animals were then 

anesthetized with a mixture of 4% isoflurane and oxygen before being secured into the ear bars 

of the stereotax. After securing each mouse, an incision was made to expose the skull, and 

hydrogen peroxide was applied to locate the bregma point. To target the MHb, an electric 

surgical drill fixed to the stereotax was used to drill one hole at the coordinates -1.3 mm A/P, 

±1.3 mm M/L from bregma at an angle of 0° (prior to this, surgeries were performed with dye 

infusions to verify these coordinates). Drilling was halted as soon as the interior of the skull was 

breached to avoid unintended penetration of the brain tissue. Anesthesia was reduced to 1.5-2.5% 

isoflurane after drilling. If significant blood loss occurred after breaching the skull, bilateral 

injections of lactated Ringer's solution were immediately administered at a volume of 0.005 mL 

per gram body weight into either side of the abdomen.  

After drilling, a 10 µL Hamilton MICROLITERTM syringe (Hamilton Company) affixed 

to the stereotax was used to infuse the AAV vector (AAV2-hSyn-DIO-mCherry) at coordinates -

1.3 mm A/P, ±1.3 mm M/L, and -4.3 mm D/V from bregma at an angle of 20°. 0.5µL of AAV 

vector solution was delivered over a duration of 5 minutes. During the infusion of the AAV 
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vector, an injection of 5mg/mL carprofen solution was administered at a volume of 0.001 mL per 

gram of body weight. If lactated Ringer's had not yet been administered, the injections were 

given at this time, following the same procedure mentioned above. After the infusion, the syringe 

was left in place for 5 minutes to allow for diffusion of the AAV vector. When this time elapsed, 

the syringe was raised from its position at a rate of approximately 0.5mm every 15 seconds to 

prevent damage from negative pressure in the syringe's previous position. After removing the 

syringe, the incision was sealed using LOCTITE 454TM instant adhesive and accelerator solution. 

Each mouse was then removed from the ear bars, taken off anesthesia, and placed in a singly 

housed cage on top of a heating pad for 30 minutes. 24 hours after the operation, another 

carprofen injection of the same volume was administered. Mice were weighed each day 

following surgery to ensure proper recovery. 

 

Tissue Collection 

 To allow the AAV vector to incorporate and induce expression, animals were housed 

individually in cages with unlimited access to food and water for 2 weeks following surgery. 

After 2 weeks, to preserve brain tissue, the mice were deeply anesthetized with isoflurane and 

perfused transcardially with 20 mL of phosphate-buffered saline (PBS) and 10 mL of 4% 

paraformaldehyde (PFA) solution. The brains were then excised and fixed in PFA solution in a 

refrigerator at approximately 4.5℃ for 24 hours. After fixation, the brains were transferred to 

30% sucrose solution for cryoprotection, returned to the refrigerator, and remained in this 

solution until they reached equilibrium and were fully submerged.  

 Cryosectioning was then performed using a Leica CM1950 cryostat (Leica Biosystems). 

After cryoprotection, the brains were removed from the sucrose solution and frozen in the 
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cryostat at approximately -27℃. Once frozen, the brains were submerged in a block filled with 

optimal cutting temperature (OTC) embedding medium (Tissue-Plus® O.C.T. compound, Fisher 

Healthcare), and the block was allowed to freeze completely. The block was then fixed to the 

chuck of the cryostat with another drop of OTC medium, ensuring that the anterior of the brain 

faced away from the chuck. The chuck was secured into the cryostat mounting stage with the 

anterior portion of the brain facing outward. For each brain, 35µm coronal slices were taken first 

in the region containing the MHb, and second in the region containing the IPN. Slices of the 

MHb and IPN from each mouse were transferred into well plates containing PBS. The well 

plates were then covered with parafilm and stored in the refrigerator. Afterwards, slices were 

mounted onto Superfrost Plus microscope slides (Fisherbrand) and cover-slipped using CitiFluor 

mounting medium (CitiFluor Ltd).  

 

Imaging 

Fluorescent images were acquired using a Zeiss Axioskop 50 upright microscope (Carl 

Zeiss Microscopy GmbH) equipped with an EXFO X-Cite Series 120 light source (EXFO Life 

Sciences) and a fluorescent filter appropriate for visualizing mCherry expression. Slices 

containing the MHb of each mouse were examined to verify proper surgical placement of the 

AAV vector. If the AAV vector was successfully infused into the MHb, the IPN of the mouse was 

examined for mCherry expression, and selective images were taken for analysis. 
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Experiment 2 

Animals 

The second experiment of this study used seven C57BL/6 mice. These mice were all 

females aged between 1 and 2 years, as they were available from previous experiments in the 

Hammack lab. Throughout their time in the lab, the mice were housed in a colony room under 

the same conditions outlined above. Mice were jointly housed in double or triple cages with 

unlimited access to food and water until surgery, after which they were singly housed.  

 

Infusate Preparation  

The Fluoro-gold retrograde tracer (Fluorochrome, LLC) was delivered as 20mg of yellow 

crystalline powder. To prepare the Fluoro-gold for infusion, 0.5 mL of pure water was vigorously 

mixed with the 20mg of Fluoro-gold to create a 4% w/v solution. Due to its viscosity, the 

solution was vortexed once before each surgery. 

 

Surgery 

 Infusion of the Fluoro-gold tracer into the IPN also required stereotaxic surgery. The 

same surgical procedure outlined above was followed to reveal the skull and locate the bregma. 

To target the IPN, an electric surgical drill fixed to the stereotax was used to drill one hole at the 

coordinates -3.9 mm A/P, ±0.5 mm M/L from bregma at an angle of 0° (prior to this, surgeries 

were performed with dye infusions to verify these coordinates). As before, drilling was halted as 

soon as the interior of the skull was breached to avoid unintended penetration of brain tissue, and 

isoflurane concentration was reduced to 1.5-2.5% after drilling. If significant blood loss occurred 



17 

 

after breaching the skull, bilateral injections of lactated Ringer's solution were immediately 

administered at a volume of 0.005 mL per gram body weight into either side of the abdomen.  

After drilling, another 10 µL Hamilton MICROLITERTM syringe (Hamilton Company) 

affixed to the stereotax was used to infuse the Fluoro-gold solution at coordinates -3.9mm A/P, 

±0.5mm M/L, and -4.7mm D/V from bregma at an angle of 6°. 0.5µL of Fluoro-gold solution 

was delivered over a duration of 5 minutes. During the Fluoro-gold infusion, the same procedure 

outlined above was followed for carprofen and lactated Ringer’s administration. After the 

infusion, the syringe was left in place for 5 minutes to allow for diffusion of the Fluoro-gold 

solution. When this time elapsed, the syringe was raised from its position at a rate of 

approximately 0.5mm every 15 seconds. After removing the syringe, the incision was sealed, 

animals were taken off anesthesia, and placed in new singly occupied cages following the same 

procedure stated earlier. 24 hours after the operation, another carprofen injection of the same 

volume was administered. Mice were weighed each day following surgery to ensure proper 

recovery. 

 

Tissue Collection 

To allow the Fluoro-gold tracer to transmit through neurons afferent to the IPN, animals 

were housed individually in cages with unlimited access to food and water for 2 weeks following 

surgery. After 2 weeks, to preserve brain tissue, the mice were deeply anesthetized with 

isoflurane and perfused transcardially. Brains were then fixed and cryoprotected following the 

same procedure outlined in Experiment 1. After cryoprotection, cryosectioning was performed 

following the same procedure, except the slice thickness was reduced to 30µm in this 

experiment. Slices of the MHb and IPN from each mouse were transferred into well plates 
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containing PBS, covered with parafilm and foil, and stored in the refrigerator. Afterwards, slices 

were mounted onto Superfrost Plus microscope slides (Fisherbrand) and cover-slipped using 

CitiFluor mounting medium (CitiFluor Ltd.).  

 

Imaging  

Fluorescent images were acquired using a Zeiss Axioskop 50 upright microscope (Carl 

Zeiss Microscopy GmbH) equipped with an EXFO X-Cite Series 120 light source (EXFO Life 

Sciences) and a fluorescent filter appropriate for detecting a Fluoro-Gold signal. Slices 

containing the IPN of each mouse were examined to verify proper surgical placement of the 

Fluoro-gold tracer solution. If the Fluoro-gold tracer was successfully infused into the IPN, the 

MHb of the mouse was examined for the presence of a Fluoro-gold signal, and selective images 

were taken for analysis. 

 

Results 

Experiment 1 

  All surgeries of Experiment 1 were successful. Fluorescent imaging was used to verify 

successful infusion of the AAV vector into the MHb and to examine the downstream projection 

pattern of PAC1R-expressing neurons. All four PAC1-Ires-Cre mice displayed robust mCherry 

fluorescence in the MHb (Figure 1A, C, E, G), indicating successful surgical placement and 

expression of the AAV vector. Of these four animals, three (mice #1, #3, and #4) also exhibited 

mCherry fluorescence within the IPN (Figure 1B, F, H), indicating that PAC1R-expressing 

neurons in the MHb send efferent projections to this region. This fluorescence was also localized 

to the ventral IPN, indicating that this portion of the IPN receives the majority of the input from 
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PAC1R-expressing neurons in the MHb. In contrast, mouse #2 displayed no detectable mCherry 

signal in the IPN, despite robust expression in the MHb (Figure 1D). Even so, these findings 

suggest that a significant number of PAC1R-expressing neurons in the MHb project to the IPN, 

validating the existence of a PACAP-mediated MHb-IPN projection (Figure 4). 
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Experiment 2 

Due to postoperative complications, 4 of the 7 C57BL/6 mice did not survive beyond 24 

hours following surgery (mice #1,# 2, #3, and #7), so these mice were excluded from fluorescent 

imaging analysis. Fluorescent imaging was used to verify successful infusion of the Fluoro-gold 

retrograde tracer and to examine the afferent projections to the IPN in mice #4, #5, and #6. Two 

of the mice showed a significant Fluoro-gold signal in the IPN (Figure 2A, C), indicating 

successful surgical placement and expression of the retrograde tracer. This signal also appeared 

to be somewhat localized to the dorsal portion of the IPN. Mouse #4 also appeared to exhibit a 

significant Fluoro-gold signal in the rostromedial tegmental nucleus (RMTg), directly lateral to 

the IPN (Figure 2A). Mouse #6 showed a weak Fluoro-gold signal in the IPN, suggesting that 

surgical placement of the tracer was unsuccessful in this mouse. Unexpectedly, mice #4 and #5 

exhibited a stronger Fluoro-gold signal in the lateral habenula (LHb) than in the MHb, and the 

MHb appeared to show little or no signal (Figure 2B, D; Figure 3). This may be due to an off-

target effect. Consistent with the weak signal observed in the IPN, mouse #6 did not show any 

significant Fluoro-gold signal in either the MHb or LHb. Although placement of the Fluoro-gold 

tracer appeared to successfully target the IPN in mice #4 and #5, failure to induce a signal in the 

MHb indicates potential off-target diffusion or anatomical misalignment that may have 

confounded accurate identification of MHb-IPN projections. 
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Discussion  

Experiment 1 used an anterograde tracer in the form of a Cre-dependent AAV vector in 

four PAC1-Ires-Cre mice to investigate whether PAC1R-expressing neurons in the MHb project 

to the IPN. All surgeries were successful in this experiment, as validated by significant mCherry 

expression in the MHb (Figure 1A, C, E, G). Three of these mice (#1, #3, and #4) also showed 

significant mCherry expression in the IPN (Figure 1B, F, H), indicating that a subset of PAC1R-

expressing MHb neurons sends efferent projections to this region. Therefore, this experiment 

provides anatomical evidence for the existence of a PACAP-sensitive MHb-IPN projection and 

suggests that these PAC1R-expressing neurons in the MHb facilitate downstream signaling in the 

IPN.  

Other work further validates the conclusions of this study. Researchers in the Hammack 

lab have provided substantial evidence for a PACAP-mediated projection from the BNST to the 

MHb. This projection was also shown to play a key role in the development of maladaptive 
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behavioral responses to chronic stress, as activation of this projection induces depressive 

behavior. Crucially, deactivation of this projection with PACAP-antagonist infusion also prevents 

the development of depressive behavior following chronic stress, indicating that the PACAP-

ergic BNST-MHb projection is essential in developing these maladaptive behavioral responses 

(unpublished). Given the strong anatomical connection between the MHb and IPN, it is likely 

that this signal is carried on via the same pathway. This projection of PACAP-producing neurons 

from the BNST also preferentially synapses onto the dorsal MHb (unpublished), which contains 

the SP-secreting neurons that synapse onto the IPN (as opposed to the cholinergic neurons of the  
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ventral MHb; Molas et al., 2017). This data further supports the notion that PACAP-secreting 

neurons of the BNST activate SP-secreting neurons of the MHb, which continue this signaling 

pathway by projecting to the IPN (Figure 4). Furthermore, in rats exposed to chronic stress, 

dorsal MHb neurons significantly increase SP secretion onto the IPN (Xu et al., 2018). Thus, SP-

secreting neurons of the dorsal MHb likely play a key role in the development of anxious and 

depressive behaviors. Taken together, this research shows that PAC1R-expressing neurons of the 

dorsal MHb, which comprise the SP-mediated MHB-IPN projection, are overactivated in chronic 

stress, and that PACAP-secreting neurons of the BNST facilitate this overactivation. This 

evidence also suggests that dysregulation of this circuitry is critical in the development of 

chronic stress-induced anxiety and depression.  

Interestingly, significant mCherry expression was not observed in the IPN of mouse #2 

(Figure 1D). This could be due to individual variability in neuroanatomy. The MHb-IPN 

projection typically follows a large white matter tract called the fasciculus retroflexus 

(Herkenham & Nauta, 1979). However, it is possible that PAC1R-expressing neurons in this 

particular mouse did not primarily grow along this tract and instead preferentially projected to 

another region of the brain. Other researchers have shown that the MHb also sends efferent 

projections to the pineal gland (Rønnekleiv & Møller, 1979). Therefore, it is feasible that 

structural abnormalities in this mouse caused PAC1R-expressing neurons in the MHb to 

favorably signal to the pineal. This lack of expression could also result from a genetic 

abnormality in this PAC1-Ires-Cre mouse. It is conceivable that Cre-recombinase expression in 

this particular mouse was lower than the typical levels observed in most PAC1-Ires-Cre mice. 

This may have led to insufficient activation of the Cre-dependent AAV vector, thus weakening 

the mCherry signal enough to blunt any significant expression in the IPN. Additionally, 
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expression may have been difficult to visualize due to subpar sample quality, but this is unlikely 

given the large quantity of brain slices analyzed.  

It is also possible that a component of the neurological mechanisms responsible for 

facilitating transport of the fluorescent tracer along the axon was impaired in this particular 

mouse. This scenario is plausible, as it would explain why the AAV vector was simultaneously 

able to induce strong mCherry expression in the MHb while showing weak expression in the 

IPN. This explanation is corroborated by the observation that mCherry expression in the IPN was 

not entirely absent; faint fluorescence was still detected within a localized region of the lateral 

IPN (Figure 1D). Although the IPN did appear to exhibit some mild mCherry expression, this 

was not significant enough to confirm the presence of a projection derived from PAC1R-

expressing neurons in the MHb. Nonetheless, this weak but still existent expression reinforces 

the notion that transport of the fluorescent protein was impaired in this mouse. 

Experiment 2 utilized Fluoro-gold as a retrograde tracer in seven C57BL/6 mice to 

provide further evidence for an anatomical connection between PAC1R-expressing neurons in 

the MHb and the IPN. Four of these seven surgeries were unsuccessful, as these mice did not 

survive beyond 24 hours post-surgery. This could have been due to various complications. Most 

notably, the basilar artery lies directly beneath the IPN. Breaching this vital cranial artery could 

lead to cerebrovascular hemorrhage, resulting in death. Additionally, given that the IPN is a deep 

brain structure located near the brainstem, it is conceivable that other critical structures were 

damaged by the syringe during infusion of the Fluoro-gold solution. It is also possible that these 

animals experienced an overdose of isoflurane, leading to respiratory depression and death. 

Infusion of the Fluoro-gold solution and extraction of the syringe is a lengthy process that adds 

significant time to each surgery, increasing the likelihood of excessive isoflurane ingestion 
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throughout the procedure. Even with careful monitoring, the extended duration of anesthesia can 

become excessive if the surgery is not performed swiftly enough. Thus, precise anesthesia 

monitoring, accurate stereotaxic syringe placement, and expeditious yet controlled surgical 

execution are all critical to maximizing the likelihood of postoperative survival. 

In Experiment 2, two of the three surgical procedures were successful (mice #4 and #5). 

Samples obtained from these three mice were used to visualize afferent projections to the IPN 

with fluorescent imaging of the Fluoro-gold retrograde tracer. In mice #4 and #5, a significant 

fluorescent signal was observed in the IPN (Figure 2A, C), indicating successful placement of 

the Fluoro-gold solution. Conversely, mouse #6 did not show any Fluoro-gold signal in the MHb 

or IPN (Figure 2E), indicating the surgery was unsuccessful. This could be due to the thickness 

of the Fluoro-gold solution, which likely became clogged inside the syringe during surgery, thus 

preventing delivery. 

Unexpectedly, the Fluoro-gold tracer did not exhibit a significant signal within the MHb 

in mice #4 and #5. However, both of these animals demonstrated a noteworthy signal in the 

lateral habenula (LHb; Figure 2B, D; Figure 3). This observation may be attributable to 

preferential diffusion of the Fluoro-gold tracer through parallel circuitry, rather than the MHb-

IPN projection. Both the SP-mediated and cholinergic MHb-IPN projections traverse the 

pathway of the fasciculus retroflexus, a bidirectional white matter tract that plays a vital role in 

transmitting signals from the habenula complex to various midbrain regions (Figure 4; Molas et 

al., 2017). Analogous to the MHb, the principal projection of the LHb (that does not intrinsically 

project to the MHb) follows the fasciculus retroflexus and synapses onto the rostromedial 

tegmental nucleus (RMTg; Jhou et al., 2009). Anatomically, the RMTg is located immediately 

ventral and posterior to the IPN. Given the proximity of the RMTg to the IPN, it is plausible that 
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some of the Fluoro-gold solution intended for the IPN diffused into the RMTg. Because the LHb 

projects to the RMTg, any misplacement of the Fluoro-gold tracer in this manner would result in 

retrograde transport up the axons of these efferent LHb neurons. Fluorescent imaging from this 

experiment further supports this rationale. In the IPN slices of mouse #4 in particular, the RMTg 

also appears to emit a Fluoro-gold signal (Figure 2A), which would have been transmitted 

retrogradely to the LHb. This would explain why a Fluoro-gold signal was observed in the LHb, 

but if the IPN was successfully targeted in these surgeries, it does not explain why a Fluoro-gold 

signal was absent from the MHb.  

The IPN is divided into distinct subregions that receive input from specific and differing 

nuclei. Importantly, of these regions, the dorsomedial subnucleus of the IPN (IPDM) and the 

apical subnucleus of the IPN (IPA) do not receive significant input from the MHb. Instead, these 

regions likely receive input from the median raphe nucleus (Quina et al., 2017). It is possible that 

the coordinates used in these surgeries more specifically targeted the IPDM and IPA subregions 

of the IPN. If most of the Fluoro-gold solution injected into the IPN was sequestered in these 

subregions, this could have prevented retrograde transport of the tracer up the axons of MHb 

neurons, favoring the median raphe nucleus instead. Fluorescent imaging from Experiment 2 

supports this possibility, as the Fluoro-gold signal appeared to be somewhat more significant in 

the dorsal/apical region of the IPN in both mouse #4 and mouse #5 (Figure 2A, C). Results from 

Experiment 1 also indicate that MHb efferents do not project to the dorsomedial or apical regions 

of the IPN. In this experiment, mCherry expression was typically localized to the ventral portion 

of the IPN, indicating that the ventral IPN receives significant input from the MHb in contrast 

with the IPDM and IPA, which displayed a reduced mCherry signal (Figure 1B, F, H). Thus, the 

presence of a Fluoro-Gold signal in the LHb alongside its absence in the MHb can be attributed 
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to a combination of factors: preferential injection into the IPDM and IPA subregions, and 

concurrent diffusion of the tracer into the adjacent RMTg. Collectively, these factors favor 

retrograde labeling of LHb neurons projecting to the RMTg while bypassing the MHb-IPN 

projection. 

Multiple improvements could be made to increase the validity of these results. Most 

prominently, only a small number of animals were used in both of these experiments. Even more 

so, a large portion of the animals in Experiment 2 did not survive surgery, further reducing the 

amount of data that could be gathered. Though the anatomical nature of these experiments makes 

it unlikely for concurrent results from multiple animals to be an abnormality, visualizing this 

projection in a larger number of animals would increase the reliability of these results. Thus, 

these experiments should be repeated with a larger number of animals to verify the conclusions 

of these experiments, and surgical procedures (especially targeting the IPN) should be refined to 

maximize the survival of animals and data gathered.  

Future studies could use transgenic mice designed to activate Cre-dependent AAV vectors 

in SP-secreting neurons or express DREADDs (designer receptors exclusively activated by 

designer drugs) in PAC1R and SP-expressing neurons. In combination with the results of 

Experiment 1, specifically visualizing and the SP-expressing neurons with a Cre-dependent AAV 

would help to verify whether these SP-secreting MHb neurons are the same PAC1R neurons 

identified in this study. Also, specific activation of these PAC1R and SP-expressing neurons in 

the MHb with DREADDs would help to articulate how this circuitry plays a role in the 

development of anxious and depressive behavior. Furthermore, targeting of the IPN with the 

Fluoro-gold retrograde tracer could also be improved. If these infusions preferentially targeted 

the lateral and apical portions of the IPN, it is possible that adjustment of the infusion 
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coordinates to target the more medial and ventral regions of the IPN would elicit a fluorogold 

signal in the MHb.  

Beyond their anatomical significance, the findings of this study have broader implications 

for our understanding of stress-related psychiatric disorders and potential treatment avenues. The 

evidence presented here supports the existence of a PACAP-sensitive BNST-MHb-IPN circuit 

that may play a central role in mediating chronic stress-induced maladaptive behavior. Given that 

this pathway appears to drive the overactivation of substance P-secreting neurons in the dorsal 

MHb—neurons previously implicated in the response to chronic stress (unpublished, Xu et al., 

2018) —dysregulation of this circuitry may be a key mechanism in the pathophysiology of 

anxious and depressive behavior. Furthermore, the IPN is known to primarily project to the 

dorsal raphe nucleus, a region of the brainstem that plays a central role in regulating serotonin 

signaling throughout the brain (Lima et al., 2017). This implies that dysregulation of the BNST-

MHb-IPN circuit upstream of the dorsal raphe nucleus could result in serotonergic dysfunction 

throughout the brain. Instigating this systemic serotonergic dysregulation could be the 

downstream mechanism by which overactivation of the BNST-MHb-IPN circuitry generates 

psychiatric disorders. This also aligns with prior work showing that PACAP levels are elevated in 

individuals with post-traumatic stress disorder (PTSD), and that genetic variation in the PAC1 

receptor is associated with stress sensitivity (Ressler et al., 2011), indicating that this circuitry is 

also activated in humans with stress-induced psychiatric disorders. Thus, overactivation of 

PACAP-secreting neurons in the BNST that synapse onto SP-secreting neurons of the MHb-IPN 

projection likely plays a critical role in the generation of anxious and depressive disorders. 

Therefore, the conclusions of this study provide additional support for targeting 

neuropeptidergic signaling systems as a therapeutic strategy in the treatment of these chronic 
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stress-induced disorders. In particular, PACAP and SP signaling (mediated by PAC1 and NK1 

receptors, respectively) represent promising pharmacological targets. Antagonists of these 

receptors have shown preliminary efficacy in rodent models of anxiety and depression (Shintani 

et al., 2022; Teixeira et al., 1996), and the circuit described in this study offers a specific 

anatomical and functional substrate through which these interventions may act. Continued 

research into this pathway will likely yield novel therapeutic strategies for the treatment of 

chronic stress-induced psychiatric disorders, including anxiety and depression. Because current 

first-line treatments consistently fail to alleviate these conditions, studies such as this one are 

crucial to articulate the function of novel peptide neurotransmitter circuits and to eventually 

target this circuitry with more effective pharmaceutical interventions. 
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