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2. Cal-520 dye as a tool for acute 
recording of neuronal activity in vivo
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Figure 1: Placement of fiber optic cannulae and 
expression of jGCaMP7c in neurons of the 
hypothalamic PVN. (A) Representative image showing 
the track from a fiber optic cannula that was implanted 
above the PVN in a mouse that had undergone 
intracranial injection of Cal-520 AM dye. Scale bar  = 
300 um. Open arrows indicate PVN, filled arrow 
indicates fiber track. (B) Example of GCaMP-positive 
neurons in right-hemisphere PVN of a Sim1-cre mouse 
that received an intracranial injection of 
AAV.CAG.FLEX.jGCaMP7c. Scale bar = 200 um. 

4. PVN activity during restraint stress and HPA axis activation are correlated

Figure 2. Fast high-amplitude Ca2+ events recorded from the PVN after 
intracranial injection with Cal-520 AM.  (A) C57Bl/6 mice were used for tail 
restraint stress (TRT) experiments after a brief recovery from Cal-520 injection and 
fiber implant. (B) Example trace showing all TRT-evoked Ca2+ events during one 
behavioral trial; tail restraint highlighted in grey. (C) The average Cal-520 Ca2+ event 
evoked in PVN by TRT from all trials. Shaded area is ± SEM, n=8. (D) Heat map of 
mean ΔF/F0 response to tail restraint aligned to initiation of tail grab. Each row 
represents one trial (n=8). (E) Tail restraint significantly increased PVN Ca2+ 
fluorescence relative to baseline  in C57Bl/6 mice (n=8 trials; t-test, ****P<0.00001).  

Figure 4. Acute restraint elicits a distinct pattern of activity from PVN neurons that is proportional to the activation of 
the HPA axis. (A) Sim1-cre mice were subjected to 15 minutes of acute restraint in a modified 50 mL centrifuge tube. (B) 
Plasma corticosterone (CORT) levels at 5 time points relative to the start of restraint stress in 5 animals that underwent 
simultaneous in vivo fiber photometry during restraint. CORT levels are shown relative to levels at t = 0 min as a baseline. (C) 
Mean change in plasma corticosterone relative to zeroed baseline from the 5 mice shown in panel (E). (D) Trace showing 
average ± SEM of Z-scored jGCaMP7c Ca2+ activity from PVN neurons recorded before, during, and after restraint in a subset 
of 5 animals. (E) Heat map depicting Z-scored jGCaMP7c Ca2+ activity from PVN neurons of 5 individual mice before, during, 
and after restraint. (F) The mean Z(dF/F) score of PVN fluorescence was increased significantly during acute restraint 
compared to pre-restraint baseline (n=5; t-test, **P < 0.01). (G) Change in PVN Ca2+ activity levels relative during the 15-minute 
acute restraint relative to baseline activity, measured as the Z(dF/F) units per second based on area under the curve (n=5). (H) 
Peak plasma corticosterone (CORT) levels over baseline levels at t = 60 minutes after the start of acute restraint (n=5). (I) 
Linear correlation of peak plasma corticosterone (CORT) produced by acute restraint correlated strongly with the increase in 
PVN activity relative to baseline (r = 0.7959, P=0.0536).

➢Targeted injection of calcium-sensitive fluorescent dye and Cre-dependent viral vectors 
are both viable strategies for acute in vivo fiber photometry in deep brain nuclei.

➢Our data indicate that neurons of the PVN respond rapidly to a wide range of aversive 
stimuli.

➢Neuronal activation within the PVN is dynamic and dependent on the nature of the 
stressful stimulus, providing important insight into a factor that must be considered in the 
design of stress research experiments.

➢The relative increase in PVN activity during a stressor corresponds to the strength of 
the hormonal stress response.

Stress dysfunction and HPA axis dysregulation are associated with vulnerability to 
neuropsychiatric disorders; adversity experienced during vulnerable developmental 
periods increases disease risk across the lifespan. 

The paraventricular nucleus of the hypothalamus (PVN) integrates critical information 
regarding stressful stimuli, and the output of PVN corticotropin-releasing factor (CRF) 
neurons regulates the hormonal and autonomic stress responses required for survival.

PVN CRF neurons are highly plastic and quickly return to baseline activity levels after 
stress, but it is not understood how this homeostatic setpoint is established during 
postnatal development and juvenile PVN anatomy and function has received limited 
attention. 

Understanding the typical adult neuronal stress response is an important step for 
future investigations of how PVN-CRF neurons mature relative to HPA axis function 
over a juvenile period of development, and how adverse experience during this 
vulnerable period alters this trajectory.

We utilized in vivo fiber photometry to measure Ca2+ activity of PVN  neurons in 
mice during exposure to acute stress to determine how the activity of adult PVN 
varies in response to qualitatively different stress paradigms, and how this 
relates to hormonal stress response and activation of the HPA axis.  

Animals and Surgery: Adult C57Bl/6 and Sim1-Cre male and female mice at ≥ 3 months of age underwent 
unilateral intracranial injection of the calcium sensitive fluorescent dye Cal-520 AM or pAAV-syn-FLEX-jGCaMP7c in 
the paraventricular nucleus of the hypothalamus (PVN), followed by implantation of a fiber optic cannula (200 µm Ø, 
0.37 NA), at coordinates A/P -0.70 mm, M/L ± 0.20 mm, and D/V -4.70 mm from Bregma.

In Vivo Fiber Photometry: After recovery, mice were connected by patch cord to a Neurophotometrics FP3002 
system controlled by Bonsai software. Following acclimation to experimenter handling, PVN Ca2+ activity was 
recorded during exposure to a stressful stimulus. Raw fluorescence data from 415 nm and 470 nm LEDs was 
recorded paired with video recording for later alignment of behavior with data. 

Behavioral Tests: Four different stress paradigms were employed: tail restraint stress (TRT), in which the 
experimenter restrains the mouse by its tail; swim test (ST), for 300 sec; water or predator odor exposure (TMT) on 
filter paper, for 300 sec; and acute restraint (AR), for 15 min.

Hypothalamic-pituitary-adrenal (HPA) axis assessment: Tail blood was collected from a nick at the end of the tail 
at five time points: onset and completion of restraint (0 and 15 min, respectively), and 30 min, 60 min, and 120 min 
after restraint onset. Plasma corticosterone levels were determined by radioimmunoassay (MP Biomedicals).

Imaging: Animals were anesthetized with isoflurane and transcardially perfused with ice-cold phosphate buffered 
saline with a saturating concentration of calcium to activate GCaMP, followed by ice-cold 4% paraformaldehyde. 
Brains were removed and stored in 4%PFA for 24 hours then transferred to 30% sucrose for 24 hours at 4°C. Brains 
were frozen on dry-ice for sectioning to verify GCaMP expression and fiber placement.

Data Analysis: Raw fluorescence data was baseline-corrected and processed using custom Python scripts. 
Behavioral videos were manually scored, and behavioral events were aligned in time with corrected fluorescence 
signals to quantify fluorescence signal changes in Python. Statistical comparison was done in GraphPad Prism 
using paired and unpaired t-tests (α < 0.05) where appropriate.
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1. PVN fiber placement and 
jGCaMP7 expression

3. PVN neurons are activated in response to acute aversive stimuli

A

B

G

E

I

Figure 3. Different stressors evoke distinct patterns of Ca2+ activity from neurons of the PVN in Sim1-cre mice. (A) Tail restraint stress (TRT) in Sim1-cre mice expressing jGCaMP7c in VN (n=5). (B) Mean jGCaMP7c Ca2+ 
event in PVN evoked by tail restraint; shaded area is ± SEM, n=5. (C) Heat map of ΔF/F0 response to tail restraint aligned to initiation of tail grab. Each row depicts one animal. (D) Tail restraint significantly increased PVN Ca2+ 
fluorescence in Sim1-cre mice compared to baseline (n=5; ***P<0.0001). (E) Swim test Sim1-cre mice (n=5); mice were moved from home cage to a room-temperature beaker of water for 300 sec before being dried and returned to 
the home cage. (F) Mean of jGCaMP7c Ca2+ activity in PVN evoked by swim test; shaded area is ± SEM, n=5. (G) Heat map of ΔF/F0 response to the swim test aligned to placement in water. Each row represents one animal. (H) 
The swim test significantly increased PVN Ca2+ fluorescence in Sim1-cre mice (n=6; t-test, *P<0.05). (I) In the predator-odor test Sim1-cre mice were exposed to either water (n=5) or fox odor (TMT; n = 7) absorbed on a piece of 
filter paper for 300 sec. (J) Mean jGCaMP7c Ca2+ activity in PVN evoked by water exposure from all animals; shaded area is ± SEM, n=7. (K) The mean jGCaMP7c Ca2+ event in PVN evoked by fox odor exposure from all animals; 
shaded area is ± SEM, n=9.  (L) Water did not significantly increase PVN Ca2+ fluorescence relative to baseline (n=7; t-test, P>0.05), but TMT exposure did significantly elevate PVN Ca2+ activity (n=9; t-test, *P<0.05).

A

E

I

A

C

B C

D

H

B C D

F G

J K L

HD E

B

3V

3V

tail restraint (n=5)

swim (n=6)

predator odor (n=7-9)

tail restraint (n=8)

water TMT

Δ
F

/F
0

60 sec

F

acute restraint (n=5)

@TheBaleLab

tail restraint

tail restraint

swim


	Slide 1

