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Abstract 

 Excessive or chronic stress is correlated with many common physical and mental 

disorders. With stress being a widespread experience in today’s society, the ability to adapt to 

stress is important to limit its cumulative harmful impact. One form of adaptation is stress 

habituation, where a reduction in both sympathetic nervous system and hypothalamic-pituitary-

adrenal axis activation is seen in response to repeated presentations of the same (homotypic) 

stressful situation over time. The neural mechanism of habituation is poorly understood, but 

evidence points towards involvement of the rostral region of the posterior hypothalamus (rPH) 

contributing to the habituation process. This study is interested in confirming that role by 

measuring calcium influx, as an index for neuronal activity, in the rPH of Sprague Dawley rats 

before and after audiogenic stress habituation. Calcium influx was measured using GCaMP by 

detecting fluorescence emission from Green Fluorescent Protein as calcium ions enter the cell 

and the intensity of fluorescence was evaluated using fiber photometry. The rPH was observed to 

have a reduction in calcium signaling from before to after habituation to a loud noise stressor, but 

that reduction was not observed for stimuli that were not repeatedly presented. With the calcium 

signal reduction interpreted as a reduction in the region’s activity, this study provides additional 

evidence that the rPH contributes to the mechanism of stress habituation. 
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Introduction 

Stress is an adaptive mechanism producing significant responses in both physiology and 

psychology in response to a real or perceived threat. Typically, these responses are beneficial by 

providing the motivation and the physiologic and physical means to meet the challenges of daily 

stressors that threaten to disrupt homeostasis, but these stress systems and their responses can 

become harmful when the stress is repeated or chronic. Excessive or chronic stress has been 

linked to mental disorders such as PTSD, anxiety, and depression, as well as physical disorders 

such as obesity, cardiovascular disease, Alzheimer’s disease, and more (Kessler, 1997; McEwen, 

2000). In particular, negative health effects can emerge following some cases of repeated stress 

by resulting in the sensitization of stress response systems (Post, 2016 ; McEwen, 2000). In cases 

where moderate repeated stress is the same (homotypic), however, a reduction in stress response 

activation over time is observed (Hughes et al., 2018). This adaptation is mediated by a form of 

nonassociative learning characterized by the reduction in magnitude of response to a moderate-

intensity stimulus when the stimulus is presented repeatedly, termed habituation (Grissom & 

Bhatnagar, 2009; Thompson & Spencer, 1966). Habituation to homotypic stress is likely 

important to reduce the cumulative impact of similar daily stressors, combating mental and 

physical disease commonly correlated with excessive stress. Impairments to an organism’s stress 

habituation, then, result in longer, more frequent, and more extreme activation of stress response 

systems (Metzger et al., 1999). Additionally, impairments in stress habituation specifically show 

correlations with the development of mood/anxiety disorders, adrenal hypertrophy, stomach 

ulcers, and more (Chattopadhyay et al., 1980; Reus et al., 1985; Paré, 1964; Golier et al., 2007; 

Simeon et al., 2007; Turner et al., 2020). The neural mechanisms that mediate the process of 

habituation are currently poorly understood. Investigation identifying habituation neurocircuitry 
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is important for further developing understanding of stress on physical and mental health, and for 

developing more effective treatments for stress-related disorders. 

There are two major systems that respond to real or perceived homeostatic threats: the 

sympathetic nervous system (SNS) and the hypothalamic-pituitary-adrenal (HPA) axis. The SNS 

offers a rapid “fight-or-flight” response to stress, such as an increase in heart rate and blood 

pressure, facilitated by neural innervation of norepinephrine on receptors of target organs. The 

HPA axis, in contrast, offers a relatively slow but more sustained hormonal change in physiology 

to meet the potential increased energetic demands under many stress conditions. The HPA axis 

produces effects by neuroendocrine activation of the paraventricular nucleus of the hypothalamus 

(PVN) ultimately resulting in increased levels of glucocorticoids from the adrenal cortex into the 

bloodstream (cortisol for humans and corticosterone for rodents). Both SNS and HPA axis 

responses have been shown to habituate to repeated homotypic stress, suggesting that there may 

be a specific neural region responsible for the habituation of both systems (Armario et al., 1984; 

De Boer et al., 1988). Although previous research has targeted the PVN due to indication of 

involvement in initiating both SNS and HPA response systems, evidence now points towards the 

rostral region of the posterior hypothalamic nucleus (rPH) due to its relatively stronger 

sensitivity in activation of both systems (DiMicco et al., 2002). The rPH is found to receive 

extensive projections originating from the prefrontal cortex, amygdala, and other areas of the 

limbic system involved in regulation of stress responsivity. It then also projects to various nuclei 

of the hypothalamus, brainstem, and medulla, including the PVN and regions involved in 

sympathetic and behavioral responses, suggesting its role in stress response system activation. 

Together, the rPH integrates information from regions responsible for risk/threat assessment and 

behavioral and physiological stress reactions, suggesting that it may be important for stress 
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adaptation (DiMicco et al., 2002; Kataoka et al., 2014; Myers et al., 2016; Nyhuis et al., 2016). 

Additionally, this region has been found to be necessary for habituated stress responses and has 

shown development of differential mRNA regulation in response to repeated homotypic stress 

(Nyhuis et al., 2016; Campeau et al., 2023). 

In the current study, we were interested in confirming a role of the rPH during habituation 

to repeated homotypic stress by measuring intracellular calcium ion signaling, as an index of 

neuronal activity, in rPH neurons during habituated stressful events in rats. To do this, we 

injected Genetically Encoded Calcium Indicators (GCaMP) into the rPH which indicates calcium 

concentration changes by expressing Green Fluorescent Protein (GFP) fluorescence in response 

to calcium binding to the binding protein calmodulin. This fluorescence was measured by fiber 

photometry using Tucker Davis Technologies instrumentation. We used loud noise as the 

moderate stressor in this study due to previous evidence of audiogenic stress prompting stress-

related responses, and those responses habituating with multiple exposures (Nyhuis et al., 2016). 

The subjects’ intracellular rPH calcium signal in response to loud noise was measured during an 

initial test day in order to collect baseline rPH activity levels when presented with audiogenic 

stress. The subjects then underwent six days of repeated stress exposures, experiencing thirty 

minutes of sustained loud noise each day. On the final test day, the subjects again underwent 

fiber photometry to determine the effect of habituation to the stressor on rPH activity levels. rPH 

activity in rats, as interpreted from calcium signaling, was hypothesized to be reduced from the 

first to last loud noise exposure test after having six days of repeated loud noise presentations. 

Some control conditions tested the possibility that rPH activity might simply change over time 

regardless of experiencing habituation, by presenting moderately stressful conditions (tail 
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pinches and bright light exposure) but without repeatedly exposing the subjects to these 

conditions between the initial and last test day. 

Methods 

Animals 

Nine male and nine female adult (approximately 3-6 months old) Sprague Dawley rats 

(weighing 225-646g for males; 200-408g for females) were used. These animals were naïve to 

the experimental conditions of the current study. After animals were obtained from a vendor 

(Inotiv, formerly Envigo) or after use as breeders by other CU Boulder investigators, they were 

acclimated to the colony for one week during which they were handled for several minutes daily 

to habituate them to human handling (see Figure 1 for the experimental timeline of the entire 

study). Rats were initially housed two per cage and singly after surgeries, in clear Plexiglas tubs 

containing saw dust, with wire rim tops that gave access to rat chow and water ad libitum. All 

procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at the 

University of Colorado, Boulder (protocol #2573-1). 

 

Figure 1: Timeline of experimental procedures. 
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Surgical Procedures  

The surgical procedure was performed on anesthetized (isoflurane) rats and was 

conducted aseptically using the surgical tip method. A horizontal midline incision was made 

from between the eyes to the back of the skull. After retraction of the skin, a small window was 

then drilled into the skull to allow access of the injection needle containing 3.4 x 1012 vg/mL 

AAV1.Syn. jGCaMP8m.WPRE (#162375, Addgene) construct. The GCaMP virus was injected 

unilaterally at a rate of 100 ƞl/min in a total volume of 500 µL, 3.3 mm posterior, 0.3 mm lateral, 

and 8.0 mm ventral to Bregma using the flat skull coordinates from the Paxinos and Watson 

stereotactic atlas (Paxinos & Watson, 2006). Optic fibers (400 µm core diameter, 0.66 NA, Doric 

Lenses) were then implanted at the same coordinates. The optic fibers were anchored in place 

using four cranial screws arranged on the skull around the surgical site and dental cement 

covering the screws and fiber implant. Following injections and fiber placement, the skin wound 

was closed with surgical staples as needed, the rats were injected with long-acting (72 hours) 

opiates (buprenorphine) and a non-steroidal anti-inflammatory analgesic for pain management 

(Meloxicam), anesthesia was discontinued, and the rats were kept under observation until 

ambulatory. A period of one week elapsed to allow animals to recover from surgery before 

beginning behavioral manipulations. Three male rats experienced complications with surgery 

recovery and had to be euthanized. 

Behavioral Procedures  

One week after surgery, rats were handled daily for a few minutes to reaccustom them to 

human handling (Figure 1). Following five days of handling, rats were habituated for five days to 

tail restraint procedures necessary for connecting the fiber optic sensor on photometry test days. 

Tail restraint consisted of gently wrapping approximately 2 inches of medical tape (1” diameter) 
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at the base of the tail while the rat was wrapped in a towel. The tail was then gently passed 

through a small opening at the base of an elevated Plexiglas platform, and taped to the back of 

the platform behind an additional Plexiglas wall such that rats could not access the taped portion 

of their tail. They were placed in the tail restraint device for 15 minutes on day 1, 20 minutes on 

day 2, and 25 minutes on days 3-5. After the tail restraint habituation, rats underwent one day of 

fiber photometry testing, then habituation to loud noise for six days, then a final fiber photometry 

test, as shown in Figure 1. For the loud noise habituation, rats, in their home cages, were 

presented with a loud noise (white noise, 10-50,000 Hz, 100 dB, A scale) for 30 minutes in 

custom-made soundproof boxes that were ventilated and lit. The fiber photometry test was 

performed under red light conditions (light intensity = 2.70-10 lux) where the rats were placed 

under tail restraint to allow for optic fiber connection for photometry. The two photometry tests 

consisted of a 37-minute session including two minutes of loud noise exposures (95dB, 100 dB, 

and 105dB, two exposures each) at an interstimulus interval of two minutes, followed by three 

tail pinches one minute apart, and finishing with three one-minute exposures to a bright white 

light (light intensity = 320-790 lux) with a one-minute interstimulus interval. Following the final 

day of fiber photometry, rats were euthanized with an overdose of sodium pentobarbital (Fatal 

Plus, Vortech Pharmaceuticals, MI), and rapidly perfused transcardially with ice-cold solutions 

consisting of 100 mLs of 0.9% saline and 500 mLs of 4% paraformaldehyde in 0.1 M sodium 

phosphate buffer, pH 7.4. Brains were removed, soaked into the same 4% paraformaldehyde 

solution for an additional 24 hours, transferred into a solution of 30% sucrose in 0.1 M sodium 

phosphate buffer (pH 7.4) for 7-10 days and frozen for later sectioning (40µm) and analysis of 

GCaMP expression and optic fiber placement. 

Microscopic Data Acquisition and Image Analysis 
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The slides were observed for the presence of the fluorescent protein Green Florescent 

Protein (GFP) (emission spectrum ~509 nm) on a research microscope (Zeiss AxioImager). 

Epifluorescence images were captured of the brain tissue, and assessment of the viral infection 

spread together with the position of the optic fiber tip in the region of the rPH were completed. 

Digital records were obtained using the Zen Blue Edition 3.1 platform software from Zeiss. 

Fiber Photometry Methodology  

The calcium (GCaMP8m) sensor was recorded at two wavelengths, 465nm and 405nm 

isosbestic control, by amplitude modulated signals from two LEDs coupled into one optic fiber. 

Sensor signals and their isosbestic control emissions were returned through the same optic fiber 

and acquired using a femtowatt photoreceiver (Newport) and digitized (1 kHz; Tucker Davis 

Technologies). Behavioral timestamps were digitized by TTL input (Synapse software) of noise 

and light onset/offset and tail pinch. Raw data was analyzed with custom matlab scripts 

(available on Dr. Root’s website). Signals (465nm and 405nm) were down sampled (10X) and 

peri-event time histograms were created for each stimulus exposure between -10 sec and +60 sec 

for the loud noise stimuli, between -10 sec and +30 sec for the light and tail pinch stimulations 

during the 1st and 2nd recording sessions (Day 1 and 8). For each recording session, data were 

processed such that the predicted 405nm channel was subtracted from the 465nm signal to 

remove movement, photo-bleaching, and fiber bending artifacts (dF). Normalized dF were 

calculated by z-scoring each stress exposure, where the mean and standard deviation of the z-

score were calculated between -10 to 30 or 60 seconds.  

Statistical Analysis  

To analyze photometric results on the obtained z-scores, two methods were employed; 

the respective peak baseline normalized dF (between -5 to 0 seconds) values were compared to 
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loud noise, light, and tail pinch normalized dF (between 0 to +3 seconds) values, which were 

computed for each animal and each stimulus exposure. An average of all the loud noise, tail 

pinch, and light trials, respectively, were computed for each animal such that each subject in the 

study had single baseline and peak values for each trial type. The second method calculated areas 

under the curve (AUCs) for baseline normalized dF (between -5 to 0 seconds) compared to loud 

noise, light, and tail pinch normalized dF (between 0 to +3 seconds) for each animal and stimulus 

exposures, respectively. Again, an average of all the loud noise, light, and tail pinch trials, 

respectively, were computed for each animal such that each subject in the study had a single 

baseline and stimulated value for each trial type. Repeated measures analyses of variances 

(ANOVA) with sex (female vs. male), day (test day 1 vs. day 8), and condition (baseline vs. 

stimulated) were calculated for the peak and AUC values, respectively. Because no effects of sex 

were observed in initial analyses, similar repeated measures ANOVA without sex were 

performed to increase the power of the tests. Correlation analyses (Pearson’s product-moment 

correlations) were computed to determine if distance from rPH and GFP-positive cell densities 

were related to either peak responses, area under the curve, or two indices of loud noise 

habituation, defined as peak z-score of loud noise on Day 1 minus Day 8, or area under the curve 

for loud noise z-scores from Day 1 minus Day 8. All statistical analyses were performed in the R 

Studio environment (2023.12.1 Build 402) of the R program (ver. 4.3.0), and significance was set 

at p ≤ 0.05. 

Results  

Anatomical results   

GCaMP expression at the viral injection area was observed post-euthanasia by counting 

GFP tagged cells in brain sections. Most animals displayed fluorescence, though the density of 
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expression varied between animals with a range of 51-703 cells/mm2 under the fiber tip. There 

were three animals that showed minimal GFP-positive cells (38-89 cells/mm2) as well as poor 

stimulus-induced calcium modulation through photometry, and these animals’ results have been 

separated from the rest of the animals in the study. The location of GFP tagged cells varied 

slightly for each animal depending on injection accuracy. Figure 2 shows an example of fiber 

optic placement and viral expression including the range of cells surrounding the fiber tip (red 

area under the tip) amenable to detection by photometry (Pisano et al., 2019). 

 

Figure 2: Representative optic fiber placement and green-fluorescent protein (GFP) signal 
indicating the likely presence of GCaMP expression. Dashed white line indicates fiber tract, area 
outlined in red represents estimated calcium signaling photometry range, and dashed yellow 
outline indicates rPH area. DMD: Dorsal region of the Dorsomedial nucleus of the 
hypothalamus; mt: mammillothalamic tract; rPH: rostral region of the posterior hypothalamic 
nucleus; 3V: third ventricle. 
 

Optic fiber placement was analyzed to determine proximity to rPH target. Fiber 

placement varied slightly per animal, as shown in Figure 3. They were commonly placed slightly 

anterior to the rPH (between 0.1-1.1mm anterior) and ranged above and below the target area 

(between -0.45 to 1.8mm ventrodorsal to target rPH region at 3.3 mm caudal to Bregma). The 
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animals that did not show modified calcium signaling in response to stimulation are indicated 

with red dots (females) and squares (males). 

  

Figure 3: Representation of optic fiber tip placement for all animals shown on four rat brain 
sections between -2.16mm to -3.34mm posterior from Bregma. Female rats are indicated with a 
round dots, while males are represented by square dots, with dots in red indicating rats 
displaying little to no stimulus-induced calcium signaling. 
 

Photometric results  

This study included both male and female animals in order to assess the potential 

similarities or differences of photometry test results between sexes. Repeated-measure ANOVAs 

were performed comparing maximum photometry and AUC values between male and female 

animals for all three stimuli. There were no calculated interaction effects of sex on peak or AUC 

values across test day, test condition, or test day and condition interaction, for all trial types. The 

only area that showed some level of effect due to sex was the AUC values across test day for the 

tail pinch stimulus, but this effect still did not reach significance (F(1,10) = 4.812, p = 0.053), 

suggesting no difference in photometry results between sexes. Since there were no observed 
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differences, both sexes have been grouped together for all subsequent tests in order to increase 

statistical power. 

To determine general efficacy of stimulus-induced calcium signaling recording, graphs of 

photometric test results were generated. Fiber photometry test results for all animals showing 

stimulus-induced calcium changes (n=12) were averaged per stimulus type (noise, tail pinch, or 

light), producing graphs of z-scores comparing baseline calcium signaling (-10 to 0 seconds 

before stimulus onset) to calcium signaling after stimulus onset (0 to +60 seconds for loud noise, 

0 to +30 seconds for light and tail pinch) as shown in Figure 4A-C. Average results for the first 

and last days of photometry testing were compared. For all three stimuli, calcium signaling was 

shown to sharply increase at stimulus onset, then quickly decrease, and finally level off near 

baseline. The increase at stimulus onset indicates effective stimulus-induced signal modulation. 

Figure 5A-C show the same graphs but instead using photometric data from animals without 

stimulus-induced signals (n=2 to 3), which show no increase in calcium signaling in response to 

stimuli. 

 

Figure 4: Average rPH calcium signal for animals with stimulus-induced calcium changes 
(n=12) measured by photometry for -10 seconds before to 60 seconds after stimulus onset for the 
first (Day 1 - blue) and the last (Day 8 - orange) test day. Calcium signal intensity is measured as 
z-scores in relation to signal intensity baseline (-10 to 0 seconds before stimulus onset). A. 
Average rPH calcium signal for the loud noise stimuli. B. Average rPH calcium signal for the 
light stimuli. C. Average rPH calcium signal for the tail pinch stimuli. 
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Figure 5: Average rPH calcium signal for animals without stimulus-induced calcium changes 
(n=2 to 3) measured by photometry for -10 seconds before to 60 seconds after stimulus onset for 
the first (Day 1 - blue) and the last (Day 8 - orange) test day. Calcium signal intensity is 
measured as z-scores in relation to signal intensity baseline (-10 to 0 seconds before stimulus 
onset). A. Average rPH calcium signal for the loud noise stimuli. B. Average rPH calcium signal 
for the light stimuli. C. Average rPH calcium signal for the tail pinch stimuli. 
 

To evaluate the effect of habituation on photometry results, two maximum photometry 

values were extracted for each animal, one within -5 to 0 seconds before stimulus onset as their 

basal signal and one within 0 to +3 seconds after stimulus onset as their peak signal, for both the 

first and last days of photometry testing and for each trial type. Average maximum values are 

displayed in Figure 6A-C for animals with calcium changes in response to stimuli, and Figure 

7A-C for animals with no stimulus-induced calcium changes. Note that one of the 3 rats in 

Figure 7 escaped following the first tail pinch of test Day 1, reducing the number of observations 

to 2 for the light and tail pinch stimuli. 
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Figure 6: Maximum basal or peak calcium signal photometry values as z-scores from baseline 
for each animal that showed stimulus-induced calcium changes (n=12) including change in 
signal intensity between the first (Day 1) and last (Day 8) day of photometry testing. Average 
signal intensities for each condition and day are shown by black circles. Dashed black horizontal 
line represents significant effects across days, dashed black vertical line represents significant 
effects across conditions, and red vertical line represents significant test day and condition 
interaction. A. Maximum photometry results for the loud noise stimuli. B. Maximum photometry 
results for the light stimuli. C. Maximum photometry results for the tail pinch stimuli. *p < 0.05, 
**p < 0.01, ***p < 0.001.  
 

 

Figure 7: Maximum basal or peak calcium signal photometry values as z-scores from baseline 
for each animal not showing stimulus-induced calcium changes (n=2 to 3) including change in 
signal intensity between the first (Day 1) and last (Day 8) day of photometry testing. A. 
Maximum photometry results for the loud noise stimuli. B. Maximum photometry results for the 
light stimuli. C. Maximum photometry results for the tail pinch stimuli. 
 

Repeated measures ANOVA were performed on maximum values for animals with 

stimulus-induced changes for each stimulus type to determine effects of testing day and 
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condition (basal and peak signal levels). Beginning with loud noise, an overall effect of test day 

was observed across basal and peak conditions (F(1,11) = 7.11, p = 0.022), indicating that there 

were different photometry results between the first and last testing days. An effect of the basal 

and peak conditions was also found across both testing days (F(1,11) = 52.11, p = 1.71e-05), 

demonstrating an overall influence of the loud noise stimulus on calcium signaling. Finally, there 

was a significant interaction of test days and conditions (F(1,11) = 7.865, p = 0.017). Paired t-tests 

were performed to determine whether the basal or the peak photometry values demonstrated 

significant difference between test days, therefore contributing to the interaction. Results 

indicated that peak photometry values were significantly different between the first and last 

testing day (t(11) = 2.7641, p = 0.018) but basal values were not (t(11) = 0.66143, p = 0.52), 

implying lower rPH responses to the loud noise stimuli on Day 8 (see Figure 6A). Peak and basal 

signaling in response to light, in contrast, showed no significant effect of test day on basal and 

peak values (F(1,11) = 0.924, p = 0.36) and no effect of test day and condition interaction (F(1,11) = 

0.035, p = 0.86), indicating that there was no change in basal/peak values between test days. 

There was a significant effect of condition across days (F(1,11) = 47.32, p = 2.66e-05), however, 

demonstrating that the light stimuli did produce a significant calcium signaling change compared 

to basal conditions. Finally, the effect of test day on conditions for the tail pinch stimulus was 

found to be insignificant (F(1,11) = 1.279, p = 0.28). There was an effect of condition across test 

day (F(1,11) = 15.03, p = 0.0026), indicating that the tail pinch produced a difference in 

photometry signal. There was also an observed effect of test day and condition interaction (F(1,11) 

= 13.26, p = 0.0039), with the peak measures differing significantly across test days (t(11) = 

2.2034, p = 0.05) but not the basal measures (t(11) = -0.58526, p = 0.57). 
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Areas under the curve (AUC) were calculated for each stimulus type and test day as an 

additional method of determining effects of condition and day. For each trial type, the basal 

AUC value was calculated for -5 to 0 seconds before the stimulus onset and the stimulus AUC 

value was calculated for 0 to +3 seconds after stimulus onset, then submitted to a repeated-

measures ANOVA for analysis. Average AUCs for each stimulus type is shown in Figure 8A-C 

for animals with stimulus-induced signal modulation, and Figure 9A-C for animals without 

stimulus-induced signal modulation. 

 

Figure 8: Basal or stimulus AUC values as z-scores from baseline for each animal with 
stimulus-induced changes (n=12) including change in signal intensity between the first (Day 1) 
and last (Day 8) day of photometry testing. Average AUC for each condition and day are shown 
by black circles. Dashed black horizontal line represents significant effects across days, dashed 
black vertical line represents significant effects across conditions, and red vertical line represents 
significant test day and condition interaction. A. AUC results for the loud noise stimuli. B. AUC 
results for the light stimuli. C. AUC results for the tail pinch stimuli. *p < 0.05, **p < 0.01, ***p 
< 0.001.  
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Figure 9: Basal or stimulus AUC values as z-scores from baseline for each animal without 
stimulus-induced changes (n=2 to 3) including change in signal intensity between the first (Day 
1) and last (Day 8) day of photometry testing. A. AUC results for the loud noise stimuli. B. AUC 
results for the light stimuli. C. AUC results for the tail pinch stimuli. 
 

In animals with stimulus-induced calcium modulation for loud noise, an overall effect of 

test day on AUC values was observed across conditions (basal and stimulus) (F(1,11) = 5.949, p = 

0.033), an overall effect of condition was observed across test day (F(1,11) = 42.57, p = 4.28e-05), 

and there was a significant interaction between test day and condition (F(1,11) = 6.073, p = 0.031). 

To determine which condition contributed to the interaction, paired t-tests were performed; the 

loud noise AUC was found to significantly vary between testing days (t(11) = 2.3593, p = 0.038) 

but the basal AUC did not (t(11) = 0.55252, p = 0.59), corresponding with the results calculated 

for loud noise maximum photometry values and again indicating lower rPH during test Day 8. 

Just like maximum values for the light stimulus, there was no observed effect of test day across 

conditions (F(1,11) = 1.807, p = 0.21) and no effect of test day and condition interaction (F(1,11) = 

0.632, p = 0.44), but there was a significant effect of AUC condition across test days (F(1,11) = 

24.59, p = 0.00043). Finally, tail pinch showed no effect of test day across conditions (F(1,11) = 

0.331, p = 0.58) but a significant effect of condition across test days (F(1,11) = 5.824, p = 0.034), 

as was seen with maximum values. Contrasting maximum signaling results, the tail pinch 

stimulus showed no significant test day and condition interaction for AUC (F(1,11) = 0.251, p = 
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0.63). Results for the light and tail pinch stimuli suggest little to no changes in rPH activity 

across testing days. Correlations were computed between maximum peak and stimulus-AUC 

values for loud noise for each animal in order to confirm association between the two 

measurements of photometry results. This correlation was found to be significant (Pearson’s r: 

0.947, t(13) = 10.594, p = 9.18e-08), meaning that, for each animal, a relatively high peak value is 

associated with a high AUC value, and a relatively low peak value is associated with a low AUC 

value. 

 Lastly, Pearson correlations between fiber tip placement (as distance from rPH) and 

magnitude of habituation in photometry results were computed to determine if fiber placement 

from the rPH had an effect on results. Across multiple measures of distance (rostral-caudal, 

ventral-dorsal, and total) and a habituation index of both peak and AUC photometry values in 

response to the loud noise stimulus, there were no significant correlations. The only relationship 

that did show a trend towards significance was the correlation between the vertical (ventral-

dorsal) distance from the rPH and calculated habituation-AUC (Pearson’s r: -0.504, t(13) = -

2.1027, p = 0.055), shown in Figure 10, suggesting that vertical proximity to the rPH may be 

associated with higher habituation index AUC in response to the loud noise stressor. Correlations 

between density of GFP infected cells and basal photometry results were also calculated to 

determine if the number of GFP-positive cells had an effect on baseline photometry, and the 

association did not quite reach significance (Pearson’s r: 0.46601, t(13) = 1.899, p = 0.08). 

Looking at raw photometry emission levels, there was a correlation between the intensity of 

emissions from the 465nm wavelength (exciting GFP) and density of GFP-tagged cells 

(Pearson’s r: 0.51781, t(13) = 2.1824, p = 0.048), but not for the 405nm isosbestic control 



 21 

(Pearson’s r: 0.44188, t(13) = 1.776, p = 0.099). Raw photometry emissions, photometry results, 

fiber distance from the rPH, and GFP-tagged cell density for each animal are reported in Table 1. 

 

Figure 10: Correlation between optic fiber tip placement in vertical distance from the rPH and 
peak AUC values in response to the loud noise stimulus on the first day of photometry testing. 
 

 

Table 1: Raw photometry emissions, photometry results, fiber distance from the rPH, and GFP-
tagged cell density for each animal. Animals that showed stimulus-mediated calcium signaling 
have results shown in bold, and animals with poor stimulus-mediated calcium signaling have 
results in un-bolded text. 
 

Discussion 

 The main goal of this experiment was to test stress adaptation mediated by habituation, a 

form of nonassociative learning where the magnitude of response to a moderate-intensity 
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stimulus is reduced when the stimulus is presented repeatedly (Grissom & Bhatnagar, 2009; 

Thompson & Spencer, 1966). Specifically, if stress habituation was to occur and be mediated by 

the rPH, a difference in calcium signaling (and therefore rPH activity levels) between the first 

and last days of photometry testing would be expected. This difference would only be expected 

for the loud noise stimulus because animals underwent habituation procedures for loud noise 

during the intervening photometric testing days, but habituation would not be expected to occur 

for tail pinch and bright light due to animals not being repeatedly exposed to those stimuli. Both 

peak and stimulus AUC values for loud noise onset were observed to be significantly lower on 

the last day of photometry testing compared to the first day, with the difference in calcium 

signaling suggesting involvement of the rPH in stress habituation. These results were specifically 

limited to stressor response, evidenced that maximum basal and basal AUC values were not 

found to change between the first and last testing day. In response to the light stimulus, 

habituation was not observed as expected; neither maximum peak and stimulus AUC nor 

maximum basal and basal AUC changed between the first and last testing day. The tail pinch 

stimulus produced ambiguous results; the peak photometry values in response to the tail pinch 

stimulus were significantly lower on the last test day compared to the first, however stimulus 

AUC values did not show a difference between testing days. Errors in stressor administration by 

the experimenter could have produced the differences in peak signaling observed. For example, 

tail pinches were administered manually which could have resulted in varied pinch intensities, 

and the experimenter could have administered the tail pinch a few seconds earlier or later than 

recorded which would produce errors with calcium signal and stimulus-onset alignment. 

Additionally, the animals were positioned in a way where they would be able to view the 

experimenter approaching to administer the tail pinch, which may have resulted in anticipatory 
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responses. The contradicting insignificant change in AUC values for the tail pinch stimulus also 

support the likelihood of significant peak signaling differences being due the limitations inherent 

with delivering tail pinch manually. 

 These photometry results were consistent across sex, supporting previous results from the 

Campeau lab of no effects of sex and implying that the habituation process is the same across 

males and females. Although this has been observed for stress habituation specifically, sex has 

been found to produce differences in overall stress responses and incidence of mood/anxiety 

disorders (Altemus et al., 2014; Johnston & File, 1991). The effects of sex, if any, should 

continue to be explored in stress and stress habituation research to determine which processes 

differ between males and females and which don’t. 

 Although habituation to loud noise was seen via photometry results, it is important to 

verify that the habituation was mediated by the rPH specifically. Fiber implantation accuracy 

varied between animals, with most of the rPH “misses” being found in animals containing fibers 

that were anterior enough to reach the PVN. The PVN, being a region controlling the HPA axis, 

is expected to show a reduction in activity as HPA habituation occurs. Even though it does 

habituate, the PVN is not believed to be a component of the mechanism responsible for 

habituation (Herman, 2013; DiMicco et al., 2002). This may explain why no significant 

correlations between rPH accuracy and habituation results were found; most fiber placements for 

animals with stimulus-induced responses resulted in measurements close to the rPH or the PVN, 

both of which show habituation. There was one animal with a fiber placement dorsal to the target 

region and hitting neither the rPH nor the PVN, but that animal also showed poor stimulus-

induced calcium signaling so it is unclear how that region’s activity is affected by habituation. In 

future replications, a control group of animals with implants that are intentionally “missed” 
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outside of both the rPH and the PVN should be added in order to confirm that the rPH, and not 

other nearby regions that were not examined in this study, show evidence of habituation. 

 Also affecting photometry results, animals showed variable cell densities with fluorescent 

emissions and presumably, GCaMP infection. Green fluorescence protein infection densities 

were observed in brain sections under the microscope, and viral infection location was 

interpreted based on the GFP fluorescence visible. However, the GFP-positive cells that were 

visible in brain sections likely represent cells that were active at the time of euthanasia and may 

not include all virally infected cells expressing GCaMP. Animals may have also had difference in 

the overall activity of the region at the time of death, resulting in different densities of visibly 

infected cells. These possibilities may have produced a skewed representation of GCaMP 

injection location and/or infection density. Animals that showed minimal stimulus-induced 

calcium changes showed much less GFP-positivity in brain sections than most animals with 

stimulus-induced changes, suggesting that there might have been errors with GCaMP injection in 

those animals such as the injector being clogged, GCaMP injections and fiber implantations 

occurring in different locations, or injections using GCaMP virus with reduced efficacy in those 

animals. However, these animals still displayed sufficient “background” signaling, detecting 

some level of fluorescence present. The reason for these signaling results are unclear. 

Completing an immunohistochemistry stain for the GCaMP protein construct would provide a 

more accurate way to localize infected cells and confirm GCaMP infection densities, helping to 

explain the effects seen in animals showing minimal stimulus-mediated calcium signaling. This 

antibody was not available in the laboratory at the time of this project. 

 Although this study still does produce evidence supporting the rPH’s role in habituation, 

some additional limitations could be addressed. The procedures used in this study to induce 



 25 

audiogenic habituation replicated previous procedures in the Campeau lab where successful 

habituation was confirmed (Nyhuis et al., 2016; Campeau et al., 2023), but this study did not 

directly measure habituation development. Since it is not clear that habituation had actually 

occurred, the difference between test days in calcium signaling in response to the loud noise 

stimulus could have been due to the stimulus type, mere chance, or some other mechanism 

altogether. Two procedure options could be employed in future replications to eliminate this 

unknown. First, blood samples and heart rate recordings could be taken along with photometry 

tests to determine changes in SNS activation and corticosterone levels between test days (Masini 

et al., 2011; Nyhuis et al., 2016), therefore confirming or denying the development of 

habituation. Secondly, a control group of animals could be added that would undergo both 

photometry tests as normal but not receive audiogenic habituation procedures in-between test 

days so that photometry results of animals that did and did not receive habituation could be 

compared. 

 Overall, findings from this study support other results gathered in the Campeau lab 

including the contribution of the rostral posterior hypothalamic nucleus in the development of 

stress habituation in rats (Nyhuis et al., 2016; Campeau et al., 2023), but the full neurocircuitry 

for habituation is still unknown. Learning more about the complete circuits and mechanism of 

habituation could help provide the basis for the development of treatments for stress-related 

disorders that target the habituation pathway. Now that increasing evidence suggests that rPH 

activity overall changes in response to habituation, some next questions that could be addressed 

include determining which distinct rPH cell populations mediate the reduction in rPH activity, 

and what are the specific mechanisms leading to this neural activity reduction. This study 

measured calcium signaling in a mixed cell population containing both neurons that use the 
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excitatory amino acid neurotransmitter glutamate, and others that employ the inhibitory amino 

acid neurotransmitter GABA, so there may be a differential change in signal modification in 

response to habituation depending on the cell population type. The signal reduction observed in 

this study could plausibly be mediated by a net increase in inhibitory activity or a net decrease in 

excitatory activity, both being possibilities to explore in future research. Overall, undergoing 

repeated stress can produce a wide variety of physical and mental health impairments and it is 

considered to be an influential predictor for various disease developments (Simeon et al., 2007; 

Munshi et al., 2020; Yuen et al., 2012; McEwen, 2000; Mousavi et al., 2023). It is important to 

provide attention to mechanisms in which the cumulative impact of repeated stress is reduced 

such as habituation, with stress being widespread and frequent among human experiences. 
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