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A B S T R A C T   

Understanding the neurobiology of complex behaviors requires measurement of activity in the discrete popu-
lation of active neurons, neuronal ensembles, which control the behavior. Conventional neuroimaging tech-
niques ineffectively measure neuronal ensemble activity in the brain in vivo because they assess the average 
regional neuronal activity instead of the specific activity of the neuronal ensemble that mediates the behavior. 
Our functional molecular photoacoustic tomography (FM-PAT) system allows direct imaging of Fos-dependent 
neuronal ensemble activation in Fos-LacZ transgenic rats in vivo. We tested four experimental conditions and 
found increased FM-PAT signal in prefrontal cortical areas in rats undergoing conditioned fear or novel context 
exposure. A parallel immunofluorescence ex vivo study of Fos expression found similar findings. These findings 
demonstrate the ability of FM-PAT to measure Fos-expressing neuronal ensembles directly in vivo and support a 
mechanistic role for the prefrontal cortex in higher-order processing of response to specific stimuli or environ-
mental cues.   

1. Introduction 

Existing functional neuroimaging techniques, for example functional 
magnetic resonance imaging (fMRI), assess the average activity of 
neural cells in a given volume [1–4]. However, the majority of cells in 
this space do not contribute to the assessment of ongoing stimuli and 
related response behavior [5,6]. The learned behaviors are thought to be 
encoded and mediated by specific patterns of sparsely distributed neu-
rons in the brain, known as neuronal ensembles, which correspond to 
the specific task or behavior elicited. Only a small proportion of neurons 

in a given brain area (i.e., <5%) are activated robustly during the task to 
elicit an immediate early gene (IEG), such as Fos, response and partic-
ipate in such an ensemble [7]. These immediate early genes have been 
previously explored to be a proxy of synergistic glutamate and dopamine 
activity [6]. The majority of surrounding neurons are less activated and 
not directly involved in the specific task or behavior. Studies using fMRI 
do not measure the specific response from only the highly active neu-
rons, but more likely reflect the activity of smooth muscle, epithelial 
cells, glia, and the less activated neurons. This is important because 
neuronal ensembles serve as the key mediators of highly specific learned 
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behaviors, including fear learning and discrimination [8–11], 
reward-based learning and food-seeking behavior [7, 12–15], and 
various drug and alcohol addiction-related models [6, 12, 13, 16–22]. 

Using optical excitation and acoustic detection, our functional mo-
lecular photoacoustic tomography (FM-PAT) system allows for direct 
imaging of neuronal ensembles with a large field-of-view (probe area 
1.3 cm transversely by 2.2 cm depth) and high spatial resolution (axial 
and lateral resolutions of 250 µm and 480 µm, respectively) [23]. In a 
previous study using an ex vivo preparation of the brain of the Fos-LacZ 
transgenic rat, we showed that the application of X-gal, an exogenous 
prochromogenic molecule that when cleaved by beta-galactosidase 
(β-gal) that is co-expressed with Fos uniquely in the Fos-LacZ trans-
genic rat, produces a robust and selective FM-PAT signal [24]. This 
signal was present in cortical neurons highly activated by cocaine 
administration or a shock-tone paired stimulus compared to behavior-
ally naive control conditions. This demonstrated successful and direct 
detection of Fos-expressing neuronal ensembles ex vivo [24]. While the 
FM-PAT signal represented an average of the ensemble response in a 
given brain region, rather than allowing visualization of individual 
neurons, the FM-PAT signal resulted only from the highly active neurons 
and not from a more general neural response, as is measured using fMRI. 
Thus, FM-PAT is similar to optical imaging techniques that can measure 
direct molecular neuronal responses, typically through calcium imaging 
[25]. The current experiments expand this novel application further by 
demonstrating its abilities in vivo and paired with behavioral testing, 
thereby allowing us to explore the neurobiological role of the medial 
prefrontal cortex (mPFC) in conditioned fear behavior. 

Fear-related psychopathologies such as post-traumatic stress disor-
der (PTSD) and select anxiety disorders are often assessed using condi-
tioned fear testing [26]. This is often observed through 
overgeneralization of fear and/or failure to extinguish fear normally. 
Although the amygdala is perceived as central to fear learning, various 
studies have shown that other brain regions play key roles in the phases 
of fear learning, including acquisition, expression (memory recall), 
extinction, and extinction-retention (extinction recall) [27–31]. For 
example, increased neural activity in the dorsal anterior cingulate cortex 
(dACC) decreases extinction learning and exacerbates fear expression 
[30, 32–35]. The ventromedial prefrontal cortex (vmPFC) has dual ef-
fects, including increased neural activity when individuals expressed 
increased fear extinction recall and decreased fear expression [30, 31, 
33–37]. In the rodent, the prelimbic cortex (PL) functions similarly to 
the dACC in humans and the infralimbic cortex (IL) functions similarly 
to the vmPFC [35]. The role of Fos-expressing ensembles has previously 
been investigated in conditioned fear behaviors, showing robust differ-
ences in neuronal activation in various brain regions including the mPFC 
after fear conditioning compared to control animals not undergoing fear 
learning [27,28,38]. Using FM-PAT ex-vivo, we have previously detected 
neuronal ensembles in the mPFC and its subregions that are activated 
upon a shock-tone pairing model akin to fear conditioning [24,39]. 
However, there are limited methods to study neuronal ensembles in vivo 
[3,4,40]. For this reason, we employed an established rat model of fear 
conditioning paired with the novel application of photoacoustic (PA) 
imaging in vivo to identify and quantify neuronal ensembles. This 
research aims to refine the role of neuronal ensembles in the acquisition 
of conditioned fear using FM-PAT in Fos-LacZ transgenic rats undergo-
ing behavioral testing to detect and quantify neuronal ensembles in the 
mPFC and its subregions (PL and IL) in vivo. 

In this study we hypothesized that during fear acquisition, unique 
neuronal ensembles would be activated in the mPFC and its subregions 
in comparison to behavioral and vehicle controls and these ensemble 
differences could be quantified using novel Fos-LacZ-enhanced PA im-
aging in vivo. We used a parallel group of rats analyzed through tradi-
tional ex vivo immunofluorescence techniques to spatially resolve and 
confirm the role of these activated mPFC neuronal ensembles. We 
compared the animals’ behavioral responses in both groups to the de-
gree of regional Fos ensemble activity to further validate FM-PAT and 

refine the roles of cortical subregions in learning behaviors. 

2. Methods 

2.1. Animals 

We used 128 homozygous Fos-LacZ transgenic Wistar (Wistar-Tg 
(Fos-LacZ)1Ottc) rats of both sexes between eight to twelve weeks of 
age. These animals were originally developed by Dr. Tom Curran 
(currently at The Children’s Mercy Hospital in Kansas City, Missouri). 
The rats were housed in a climate and humidity-controlled environment 
on a reversed light-dark cycle and bred in-house. Upon weaning, rats 
were separated by sex and pair-housed at Wayne State University’s Di-
vision of Laboratory Animal Research (AAALAC-accredited) facilities. 
Eighty rats were used for in vivo FM-PAT in an experimental fear- 
conditioned group that received X-gal (n = 22, 12 females, 10 males), 
a non-shocked sham conditioned control group that received X-gal (n =
22, 13 females, 9 males), a behaviorally naive group that received X-gal 
(n = 19, 11 females, 8 males), and fear-conditioned vehicle control 
group (n = 17, 9 females, 8 males). Forty-eight rats were used for 
immunofluorescence microscopy in fear-conditioned (n = 16, 8 females, 
8 males), non-shocked sham conditioned (n = 16, 8 females, 8 males), 
and behaviorally naïve (n = 16, 7 females, 9 males) groups. Handling 
and behavioral procedures were performed during the dark (active) 
phase of the rats’ light cycle under dim red room light and fear condi-
tioning chamber red light. All animals were allowed access to food and 
water ad libitum outside of time spent within the fear conditioning 
chambers or under anesthesia. All experiments were conducted in a 
climate and humidity-controlled behavioral-testing suite. All animals 
were handled and weighed for two days before experimentation. These 
procedures were approved by the Institutional Animal Care and Use 
Committee of Wayne State University in accordance with the Guide for 
the Care and Use of Laboratory Animals [41]. 

2.2. Experimental design 

Fig. 1 illustrates the experimental timeline, the overall study design, 
and specific methods for the FM-PAT groups (I) and the immunofluo-
rescence microscopy groups (II). As an overview, for both groups, rats 
were subjected to a standard fear conditioning paradigm or control 
conditions. For FM-PAT, rats were given an intrathecal injection of X-gal 
following fear conditioning, allowed 24 h for X-gal product to form in 
Fos-LacZ-expressing cells, and then prepared for FM-PAT by performing 
a partial craniotomy. Measurement of Fos neuronal ensembles in the 
mPFC was then conducted using FM-PAT in vivo. For immunofluorescent 
microscopy, rats were euthanized by transcardial perfusion following 
behavioral testing. Detailed methods of these procedures and statistical 
analyses are described next. 

2.3. Fear conditioning or control conditions 

Rats underwent acquisition of conditioned fear learning using a 
repeated sequence of tone and shock pairings similar to our previous 
publications [24,42] or control conditions. Fear conditioning chambers 
(25.5 ×30×29 cm, Med Associates Inc., St. Albans, Vermont, USA) 
consisted of modular aluminum sidewall panels, black and white striped 
front and back walls, an electrifiable grid floor, and the chambers were 
enclosed in sound-attenuating cubicles. Each chamber was illuminated 
by a red incandescent house light, had the chamber fan turned on, and 
was scented with 1% acetic acid in water. Female and male rats were 
tested at separate times and fear conditioning chambers were thor-
oughly cleaned with 70% ethanol in water between every testing ses-
sion. One day before fear conditioning or non-shocked sham 
conditioning, animals were habituated for 10 min in the conditioning 
chambers. Behaviorally naive controls were only handled and weighed 
on this day. On test day, rats were placed into the chambers and after a 

J.I. Matchynski et al.                                                                                                                                                                                                                           



Photoacoustics 33 (2023) 100551

3

180-second pre-trial period, they were exposed to three 10-second tones 
(2 kHz, 70 dB), with each tone co-terminating with a 1-second duration 
shock of 1.0 mA. The shock was omitted for non-shocked sham condi-
tioned controls. Behaviorally naive controls were left undisturbed in 
their home cage on this day. Shock-tone pairings were separated by a 
60-second intertrial interval (ITI), and the session ended 60-seconds 
after the last tone presentation. Videos of animal behavior were digi-
tally recorded and thresholded inactivity state (i.e., behavioral data) was 
measured using the Noldus EthoVision XT Behavior Recognition system 
(Leesburg, VA, USA) on the habituation and fear conditioning days. Data 
were acquired using Ethovision’s “Activity” setting and averaged over 5 
samples with an inactive threshold of 0.1%. The data from the entire 
habituation period, the entire pretrial interval, and the last 30 s of every 
ITI were used for the quantification of fear-related behavior. The last 
30 s of the ITI was used as it provided sufficient separation from the 
animals’ reactive movements to the delivery of the shock and a more 
specific freezing response as a measure of fear-like behavior. 

2.4. Intrathecal injection and partial craniotomy for FM-PAT 

We used the intrathecal route of administration to maximize brain 
levels of X-gal as it bypasses the blood-brain barrier. This procedure was 
adapted from previous publications [43–45]. We chose to inject rats 
60 min following the end of fear conditioning or non-shocked sham 
conditioning, with behaviorally naive animals taken straight from home 
cages, because we experimentally determined that an additional 30 min 
was necessary for the intrathecally injected X-gal to reach the brain 
(data not shown). This allowed for the measurement of peak Fos 
expression at 90 min following experimental conditions [5,46]. Animals 
were anesthetized with isoflurane (4% induction and 1–2% maintenance 
in oxygen). The lumbar region of the rat was shaved. An area encom-
passing L3-L6 was sterilized with three rounds of alternating betadine 
and alcohol. The rat was secured in one hand by the pelvic girdle and a 
25 Gauge x 2-cm needle attached to a 100 µL Hamilton syringe was 
inserted between the L5 and L6 vertebrae. While continuously securing 
the rat 0.2 mL/kg of X-gal dissolved in dimethyl sulfoxide (DMSO) or 
DMSO vehicle, which served as the fear-conditioned vehicle control 
group, was injected into the intrathecal space. Sudden and often repet-
itive movement of the tail and/or a sudden change in respiration were 
considered as indications of a successful injection [45]. It was critical 
that the rat was only lightly anesthetized to consistently observe these 
reactions to provide a successful injection of X-gal or vehicle control. 
The syringe was gently removed following the administration of X-gal or 
vehicle control over 30-seconds, and the injection site was then cleaned 
using sterile 70% alcohol prep pads. The rats were monitored 
post-injection for any adverse effects. Occasionally animals experienced 
short-term paralysis of hind limbs that resolved within minutes 
post-injection. Once any temporary paralysis subsided, animals were 
returned to their home cages to allow for X-gal conversion in Fos-LacZ 

expressing cells. In cases of continued paralysis, the animal was moni-
tored for an extended period of 6 h. 

Twenty-four hours following intrathecal injection of X-gal or vehicle 
control, the rats were anesthetized with isoflurane (4% induction, 2% 
maintenance in oxygen), and the skin covering their skull was shaved. 
Each rat was secured using a stereotaxic frame (American Standard In-
struments, Warren, Michigan, USA) with anesthesia attachment. Once 
secured to the frame, the anterior scalp was removed using blunt sur-
gical scissors. The skull was revealed, and connective tissue was 
removed using a sterile cotton swab (Q-tip). Sterile saline and gauze 
were used to clean the skull surface and surrounding tissue. To perform 
the craniotomy, a Foredom K.1070 High-Speed Rotary Micromotor Kit 
(Blackstone Industries LLC, Bethel, CT, USA) was used to cut a 5 mm 
diameter hole centered over the mPFC (+ 3.0 mm AP, midline, relative 
to bregma, Fig. 2A-B). The detached skull piece was then gently removed 
using blunt forceps to expose the underlying dura. The exposed dura was 
cleaned using sterile saline and gauze and any bleeding was cleaned 
before proceeding to PA imaging. 

2.5. FM-PAT 

The PA imaging system used for FM-PAT consists of three major 
components: (1) A 128-element 18.5 MHz linear array ultrasound 
transducer (L22–14v, Vermon Inc., Tours, France) to detect PA signal, 
(2) a 10 Hz pulsed and tunable Nd:Yag laser, (Opotek Phocus HE MO-
BILE, OPOTEK, LLC, USA) coupled with a custom made bifurcated fiber 
optic cable from Fiberoptics Technology Inc. (Pomfret, CT, USA) to 
generate and deliver the optical energy at a maximum of 20 J/cm2, and 
(3) a high-frequency ultrasound research platform (Vantage 128, Vera-
sonics Inc., Kirkland, WA, USA) for data acquisition, image reconstruc-
tion, and post-processing [47,48]. Detailed technological parameters of 
the PA system components have been described previously in [24]. For 
efficient acoustic coupling, ultrasound gel was applied to the clean dural 
surface of the rat brain and the ultrasound transducer active sensing area 
[49]. The ultrasound transducer was fitted with custom 3-D printed fiber 
optic bundle holders and attached to the stereotaxic frame. The ultra-
sound transducer was centered over the craniotomy (+3.0 AP, 0, +5.0 
DV) using ultrasound anatomical markings to confirm the positioning of 
the probe. Once the probe was in place, the brain of each anesthetized 
animal was rapidly scanned using our PA setup (Fig. 2C-D). A 2-D PA 
image slice in the coronal plane of the mPFC was acquired at the 
wavelengths of 690, 725, 750, 800, and 912 nm. 40 image frames were 
recorded at each wavelength with an accompanying ultrasound image 
(i.e., 200 PA images and 1 ultrasound image in total per rat). Data 
acquisition and processing were performed using a customized MATLAB 
script for L22–14v transducer array. The energy at the output of the 
optical parametric oscillator (OPO) was monitored and recorded 
through the internal energy monitor during the scan. Anesthetized an-
imals were immediately euthanized following the completion of the 

Fig. 1. Overall experimental timeline for in vivo FM-PAT (I) and ex vivo immunofluorescence microscopy (II) PTI: pretrial interval. The timeline for Fear conditioning 
(FC) is given detailing the three shock-tone pairings. T#: tone number, S#: shock number, ITI#: intertrial interval number, IT: Intrathecal. 
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imaging session. 
To compensate for pulse-pulse and wavelength-based optical energy 

fluctuation, all collected PA images were linearly corrected by the laser 
energy recorded at the time of imaging specific to the wavelength used. 
Images with motion artifacts were identified by an experimenter blind to 
the groups and subsequently replaced using averaged images of the 
remaining motion-free images of the corresponding wavelength for the 
respective rat. A custom MATLAB script was used to recreate X-gal 
product signal images using multispectral optical tomography (MSOT) 
processing [50] on five averaged images produced from 40 images 
collected at each respective wavelength. Brain regions of interest were 
then automatically quantified based on the averaged and normalized 
pixel intensity of the MSOT-derived X-gal product map within the 
measured areas and size-adjusted by sex given that males are overall 
larger, both in terms of body and brain, than females despite their 
similar ages at the time of the experiment [51]. The PL and IL subregions 
were differentiated by using their known anatomical positions guided by 
landmarks such as the surface of the skull and landmarks visible via 
ultrasound (i.e., the brain’s white matter tracks) [52]. 

2.6. Perfusion and ex vivo tissue preparation 

Each rat within the immunofluorescence microscopy groups under-
went transcardial perfusion followed by brain extraction and post- 
fixation 90 min after the conclusion of behavioral testing. Isoflurane 
anesthetized rats were perfused through the left ventricle with 

phosphate-buffered saline (PBS) at a flow rate of 30 mL/min for 5 min 
and then with 4% paraformaldehyde (PFA) in PBS for 15 min. Brains 
were removed, post-fixed in 4% PFA for 24 h, cryoprotected with 30% 
sucrose in PBS, and then frozen by submersion in chilled isopentane. 
Isopentane was maintained at − 30 ◦C to − 40 ◦C via the direct addition 
of dry ice. Brains were then cut into 40-micron coronal sections, washed 
(3 ×10 min in tris-buffered saline (TBS)), incubated in a blocking buffer 
(TBS with 0.2% Triton X and 3% Normal Donkey Serum; Sigma-Aldrich, 
St. Louis, MO, USA), and then incubated with 1:100 phospho-c-Fos anti- 
rabbit (#5348; Cell Signaling, Danvers, MA, USA) and 1:1000 β-gal anti- 
mouse antibodies (sc-65670, Santa Cruz Biotechnology Inc, Santa Cruz, 
CA, USA) in blocking buffer while rocking at 4 ◦C for 48 h. Then the 
brain sections containing the mPFC were washed and incubated with 
1:200 donkey anti-rabbit Alexa 488 (A21206, Invitrogen, Carlsbad, CA, 
USA) and 1:200 donkey anti-mouse Alexa 568 antibodies (A10037, 
Invitrogen, Carlsbad, CA, USA) in the blocking buffer for one hour. Next, 
the sections were washed and incubated with 1:200 RBFOX3/NeuN 
antibody [Alexa Fluor® 405] (1B7, Novus Biologicals, Littleton, CO, 
USA) in the blocking buffer for 24 h. Sections were then washed and 
mounted onto Fisherbrand Superfrost Plus Microscope Slides 
(12–550–15, Fisher Scientific, Waltham, MA, USA), coverslipped using 
Vectashield HardSet Antifade Mounting Media (H-1400, Vector Labo-
ratories, Burlingame, CA, USA), and protected from light at 4 ◦C until 
slices were imaged using the THUNDER Imager 3D Live Cell & 3D Cell 
Culture & 3D Assay (Leica Microsystems, Buffalo Grove, IL, United 
States). Representative microscopy images shown in Fig. 5 were 

Fig. 2. A: Schematic of the cranial window showing approximate position on rat head. B: Picture of 5 mm craniotomy over the medial prefrontal cortex (mPFC). C: 
Diagram of photoacoustic imaging setup. D: Picture of FM-PAT setup with imaging probe and anesthesia in place. OPO: optical parametric oscillator, DAQ: data 
acquisition, L-22 US probe: L22–14v ultrasound transducer. 
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enhanced for easy reader visualization using the internal software of the 
THUNDER Imager 3D Live Cell & 3D Cell Culture & 3D Assay (Leica 
Microsystems, Buffalo Grove, IL, United States). Raw microscopy images 
were quantified for positive cell count using the FIJI distribution of 
ImageJ software [53]. Cells were identified using a set percentage 
threshold at every channel. Fos was set at a 5% threshold and β-gal was 
set at a 10% threshold. The range for cell size was 30–1000 µm and the 
range for circularity was 0.25–1.00. The preceding parameters were 
selected to minimize the effect of artifacts and maximize accuracy 
compared to a manual count. NeuN was used as a neuronal marker to 
confirm the presence and specificity of Fos and β-gal to neurons (data 
not shown). Regions of interest were applied in accordance with “The 
Rat Brain In Stereotaxic Coordinates” by Paxinos and Watson [52]. 
These were then saved so that identical regions of interest could be 
applied to each channel for replication. Raw data were collected for 
neuronal cell count, average cell size, and the total and percentage area 
of the region covered by cells. The area of the region used to calculate 
cell count/mm2 was derived using the total and percentage area of the 
region covered by cells. 

2.7. Statistical Analysis 

Prior to analysis, the data were reviewed for outliers and quality 
problems. One statistical outlier was excluded from the immunofluo-
rescence groups because of experimental concerns regarding an acci-
dental potentially Fos-provoking disturbance by laboratory personnel 
(behaviorally naive animal, male, >2.5 SD from the mean). Automatic 
scanning focusing errors, imaging artifacts, and staining inconsistencies 
led to the exclusion of five animals from the immunofluorescence groups 
(two behaviorally naive, two non-shocked sham conditioned, and one 
fear conditioned animal). Five animals were excluded from the FM-PAT 
groups: one animal was euthanized due to continued paralysis after 
intrathecal injection (female fear conditioned animal), one rat was 
found dead on the craniotomy day (male non-shocked sham conditioned 
animal), two animals died during the craniotomy procedure (one male 
non-shocked sham conditioned and one male behaviorally naive ani-
mal), and one rat was excluded due to illumination abnormalities, where 
the raw photoacoustic images had a higher-than-expected signal both in 
the ROI and the background, observed after review of the PA images 
(male behaviorally naive animal). 

After verification of the quality of the data, all analyses were initially 
assessed with a multi-way ANOVA including sex as a predictor variable. 
However, no significant interaction with sex was observed in any 
analysis, therefore, we simplified our overall analysis and presentation 
of the results by collapsing data to omit sex as a variable. A repeated- 
measures ANOVA was used to analyze the experimental group’s 
freezing conditioned fear behavior within the session. A group-wise 
univariate Welch’s ANOVA was used to interpret post hoc differences 
of the normalized MSOT-derived X-gal product pixel intensity (FM-PAT 
derived X-gal Product signal) contained within the mPFC across the 
experimental group. The number of Fos or β-gal positive stained cells/ 
mm2 contained within the mPFC, and X-gal product and immunofluo-
rescence in fear conditioned and non-shocked sham conditioned groups 
were transformed into a percent change from their respective behav-
iorally naive groups. These percentage changes across imaging modal-
ities were then tested using univariate ANOVA. A 2-way ANOVA using 
group and subregion as factors was used to test the X-gal product within 
the PL and IL mPFC subregions. These statistical analyses were repeated 
to test the number of Fos or β-gal positive stained cells/mm2 contained 
within the PL and IL mPFC subregions. Correlations were used to test the 
Fos expression compared to the β-gal expression for mPFC and its sub-
regions. In all cases, significance was set at p < 0.05. The familywise 
error rate was controlled in a priori and post hoc hypothesis testing using 
the Benjamini–Hochberg method with a false discovery rate of 0.05 
[54]. The Benjamini–Hochberg method was chosen to limit the false 
discovery rate without a dramatic expansion in the type II error rate 

given the exploratory and inherent repetition of the study measures. 
Specific comparisons are detailed in the Results (Section 3). 

3. Results 

3.1. Fear Acquisition 

The repeated-measures ANOVA of the fear-conditioned and non- 
shocked sham conditioned groups revealed an overall significant time 
and group interaction in the freezing response (F(3, 273) = 14.81, 
p < 0.0001). The effect of time (F(3, 273) = 62.60, p < 0.0001) and 
group (F(1, 91) = 9.34, p < 0.001) was significant. Post hoc analysis 
revealed significance remained after Benjamini–Hochberg correction in 
the difference of percent time spent freezing between the fear- 
conditioned and non-shocked sham conditioned groups at the 2nd 
(p = 0.0034) and 3rd ITIs (p < 0.0001) (Fig. 3). 

3.2. FM-PAT 

Images of the mPFC and its IL and PL subregions were generated for 
quantification with averaged representative images provided for each 
group (Fig. 4A-D). Normalized X-gal product intensity (arbitrary units) 
was analyzed using a univariate Welch’s ANOVA with post hoc unpaired 
t-tests with Welch’s correction were used to determine differences be-
tween the vehicle control, behaviorally naive, non-shocked sham 
conditioned, and fear-conditioned groups. The ANOVA resulted in an 
overall significant group effect in the whole mPFC (F(3, 38.94) = 4.510, 
p = 0.008). Post hoc comparisons revealed significant differences 
remained after Benjamini–Hochberg correction in normalized X-gal 
product intensity (arbitrary units) between the vehicle control and non- 
shocked sham conditioned groups (uncorrected p = 0.019), the vehicle 
control and fear-conditioned groups (uncorrected p = 0.027), the 
behaviorally naive and non-shocked sham conditioned groups (uncor-
rected p = 0.008), and the behaviorally naive and fear-conditioned 
groups (uncorrected p = 0.011). As expected, no significant difference 
was observed between the vehicle control and behaviorally naive group 
in X-gal product intensity in the mPFC (uncorrected p = 0.818). Sur-
prisingly, no differences were observed between non-shocked sham 
conditioning and fear conditioning groups (uncorrected p = 0.880 
(Fig. 4E). 

The PL and IL were analyzed using 2-way ANOVA with the experi-
mental group and mPFC subregion as the factors. Both experiment group 
and subregion were significant overall as independent factors (F(3, 142) 
= 5.55, p = 0.0012), F(1, 142) = 13.76, p = 0.0003, respectively). 
There was no significant interaction between the group and subregion (F 

Fig. 3. Fear acquisition data displaying freezing behavior changes measured 
through the percentage of time spent freezing during the pretrial period and the 
second half of each intertrial interval (ITI). Repeated-measures ANOVA of the 
fear response in FC animals demonstrated a significantly higher percentage of 
time freezing after the second and third shock-tone pairings. * : Significant after 
Benjamini–Hochberg with uncorrected p values * *p < 0.01, * ** *p < 0.0001. 
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(3142) = 0.7216, p = 0.5407). Planned comparisons, based on findings 
in the mPFC, revealed significant differences remained after Benjami-
ni–Hochberg correction in x-gal product intensity (arbitrary units) 
within the PL between the vehicle control and non-shocked sham 
conditioned groups (uncorrected p = 0.0073), vehicle control, and fear- 
conditioned groups (uncorrected p = 0.0210), the behaviorally naive 
and non-shocked sham conditioned groups (uncorrected p = 0.0024), 
and the behaviorally naive and fear-conditioned groups (uncorrected 
p = 0.0076). The IL had no significant differences remained after Ben-
jamini–Hochberg correction in X-gal product intensity (arbitrary units) 
between the vehicle control and non-shocked sham conditioned groups 
(uncorrected p = 0.1866), the vehicle control and fear-conditioned 
groups (uncorrected p = 0.1218), the behaviorally naive and non- 
shocked sham conditioned groups (uncorrected p = 0.2447), or the 
behaviorally naive and fear-conditioned groups (uncorrected 
p = 0.1649). Significant inter-subregional differences remained after 
Benjamini–Hochberg correction in X-gal product intensity (arbitrary 
units) were observed between the PL and IL in the sham conditioned 
(uncorrected p = 0.0037) and the fear-conditioned (uncorrected 
p = 0.0198) groups. However, no significant differences remained be-
tween the PL and IL in the vehicle control (uncorrected p = 0.3850) or 
behavioral naive (uncorrected p = 0.1694) groups (Fig. 4F). 

3.3. Immunofluorescence microscopy 

NeuN, Fos, and β-gal triple labeled immunofluorescence images of 
the mPFC and IL and PL subregions were analyzed for neuronal cell 
count quantification (Fig. 5A-B). The univariate ANOVA of the Fos+ cell 
count per mm2 for the behaviorally naive, non-shocked sham 

conditioned, and fear-conditioned groups resulted in an overall signifi-
cant group effect in the whole mPFC (F(2, 38) = 9.321, P = 0.0005). 
Post hoc comparisons of the mPFC revealed a significant difference 
remained after Benjamini–Hochberg correction in Fos+ cell count per 
mm2 between the behaviorally naive and non-shocked sham condi-
tioned groups (uncorrected p = 0.0005) and between the behaviorally 
naive and fear-conditioned groups (uncorrected p = 0.0007). Confirm-
ing what was observed with FM-PAT, no differences were observed 
between non-shocked sham conditioning and fear conditioning groups 
(uncorrected p = 0.7713) (Fig. 5C). The univariate ANOVA of the β-gal+

cell count per mm2 for the behaviorally naive, non-shocked sham 
conditioned, and fear-conditioned groups resulted in an overall signifi-
cant group effect in the whole mPFC (F(2, 38) = 4.567, P = 0.0167). 
Post hoc comparisons of the mPFC revealed a significant difference 
remained after Benjamini–Hochberg correction in β-gal + cell count per 
mm2 between the behaviorally naive and non-shocked sham condi-
tioned groups (uncorrected p = 0.0226) and between the behaviorally 
naive and fear-conditioned groups (uncorrected p = 0.0075). Confirm-
ing what was observed with FM-PAT and Fos+ neuron count, no dif-
ferences were observed between non-shocked sham conditioning and 
fear conditioning groups (uncorrected p = 0.7161) (Fig. 5E). 

The Fos+ cell count per mm2 in the PL and IL were analyzed using 2- 
way ANOVA with the experimental group and mPFC subregion as the 
factors. Both experiment group and subregion were significant overall as 
independent factors (F(2, 76) = 16.60, p < 0.0001), F(1, 76) = 7.471, 
p = 0.0078, respectively). There was no significant interaction between 
the group and subregion (F(2, 76) = 0.3489, p = 0.7066). Planned 
comparisons revealed significant differences remained after Benjami-
ni–Hochberg correction in Fos+ cell count per mm2 within the PL 

Fig. 4. A: Representative averaged MSOT-derived X-gal product image of a vehicle control animal. Prelimbic (PL) and infralimbic (IL) cortex subregions are labeled. 
Image scale given in mm. Color-bar scale: 0–255 intensity units. B: Representative averaged X-gal product image of a behaviorally naive animal. C: Representative 
averaged X-gal product image of a non-shocked sham conditioned animal. D: Representative averaged X-gal product image of a fear conditioned animal. E: Com-
parison of each FM-PAT group’s mPFC X-gal product intensity (normalized arbitrary units) analyzed with univariate Welch’s ANOVA. F: Comparison shown for PL 
and IL subregions of the mPFC analyzed using 2-way ANOVA with the experimental group and mPFC subregion as the factors. * : Significant after Benjami-
ni–Hochberg with uncorrected p values *p < 0.05, * *p < 0.01. 
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between naive control and non-shocked sham conditioned groups (un-
corrected p < 0.0001) and between naive control and fear-conditioned 
groups (uncorrected p = 0.0002). The IL had significant differences 
remained after Benjamini–Hochberg correction in Fos+ cell count per 
mm2 between the naive control and non-shocked sham conditioned 
groups (uncorrected p = 0.0027) and between the naive control and 
fear-conditioned groups (uncorrected p = 0.0041). Despite an overall 
significant F test, no significant interregional differences remained after 
Benjamini–Hochberg correction in Fos+ cell count per mm2 between the 
PL and IL in the naive control (uncorrected p = 0.3878), sham condi-
tioned (uncorrected p = 0.0582) or the fear-conditioned (uncorrected 
p = 0.0522) groups (Fig. 5D). 

The β-gal + cell count per mm2 in the PL and IL subregions were 
analyzed using 2-way ANOVA with the experimental group and mPFC 
subregion as the factors. Both experiment group and subregion were 
significant overall as independent factors (F(2, 76) = 7.939, 
p = 0.0007), F(1, 76) = 5.003, p = 0.0282, respectively). There was no 
significant interaction between the group and subregion (F(2, 76) 
= 0.3141, p = 0.7314). Planned comparisons revealed significant dif-
ferences remained after Benjamini–Hochberg correction in β-gal + cell 
count per mm2 between the naive control and non-shocked sham 
conditioned groups (uncorrected p = 0.0088) and between naive con-
trol and fear-conditioned groups (uncorrected p = 0.0025) in the PL. 
The IL had no significant differences remained after Benjamini–Hoch-
berg correction in β-gal + cell count per mm2 between the naive control 
and non-shocked sham conditioned groups (uncorrected p = 0.0938) or 
between the naive control and fear-conditioned groups (uncorrected 
p = 0.0332). Despite an overall significant F test, no significant inter- 
subregional differences remained after Benjamini–Hochberg correction 
in β-gal + cell count per mm2 between the PL and IL in the naive control 
(uncorrected p = 0.5354), sham conditioned (uncorrected p = 0.1105), 
or the fear-conditioned (uncorrected p = 0.1001) groups (Fig. 5F). 

As anticipated, correlation analysis of the Fos+ cell count per mm2 vs 
the β-gal+ cell count per mm2 regardless of group resulted in a signifi-
cant correlation in the mPFC (F(1,39) = 111.6, R = 0.8608, p < 0.001), 
the PL (F(1,39) = 122.8, R = 0.8712, p < 0.001), and the IL (F(1,39) 
= 70.73, R = 0.8029, p < 0.001) (Fig. 5G). 

3.4. FM-PAT and Immunofluorescence Comparison 

The percent difference of FM-PAT-derived normalized X-gal product 
intensity in the non-shocked sham conditioned (Fig. 6A) and fear- 
conditioned (Fig. 6B) animals from the behaviorally naive group 
means was compared to the percent difference of Fos+ or β-gal+ cell 
count per mm2 from their respective behaviorally naive group means. 
This created a cross-platform analysis where we could directly compare 
FM-PAT and immunofluorescence quantifiable outcomes. 

The univariate ANOVA of the non-shocked sham conditioned 
normalized X-gal product intensity (outcome of FM-PAT), Fos+ cell 
count per mm2, and β-gal+ cell count per mm2 as a percentage difference 
from their respective behaviorally naive group means, resulted in an 
overall significant group effect in the IL (F(2, 43) = 4.251, p = 0.021), 
but no significant group effects were observed in the whole mPFC (F(2, 
43) = 1.571, p = 0.08411) or the PL (F(2,43) = 1.988, p = 0.149). Post 
hoc analysis of the IL revealed that Fos+ cell count per mm2 diverged 
from both X-gal product intensity and β-gal+ cell count per mm2 by 
means of significant differences that remained after Benjamini–Hoch-
berg correction in percentage difference from the behaviorally naive 
group between the X-gal product intensity and Fos+ cell count per mm2 

(uncorrected p = 0.009) and between the Fos+ cell count per mm2 and 
the β-gal+ cell count per mm2 (uncorrected p = 0.024). No significant 
difference was observed between normalized X-gal product Intensity 
and β-gal+ cell count per mm2 (uncorrected p = 0.863) (Fig. 6A) 
demonstrating stronger agreement between X-gal product intensity and 
β-gal+ cell count per mm2. 

The univariate ANOVA of the fear-conditioned normalized X-gal 

product intensity (FM-PAT’s outcome), Fos+ cell count per mm2, and 
β-gal+ cell count per mm2 as a percentage difference from their 
respective behaviorally naive group means resulted in an overall sig-
nificant group effect in the IL (F(2, 48) = 3.277, p = 0.046), but no 
significant group effects were observed in the whole mPFC (F(2, 48) 
= 1.102, p = 0.341) or the PL (F(2,48) = 1.270, p = 0.290). Despite a 
significant F-test, post hoc analysis of the IL revealed no significant dif-
ferences remained after Benjamini–Hochberg correction in percentage 
difference from behaviorally naive group between the normalized X-gal 
product intensity and Fos+ cell count per mm2 (uncorrected p = 0.019), 
between the Fos+ cell count per mm2 and the β-gal+ cell count per mm2 

(uncorrected p = 0.054) or between normalized X-gal product intensity 
and β-gal+ cell count per mm2 (uncorrected p = 0.765) (Fig. 6B). 

4. Discussion 

This study utilized two parallel cohorts of animals to establish FM- 
PAT as a technique for imaging Fos-expressing ensembles in vivo. The 
first cohort tested the capability of FM-PAT to image ensembles in vivo, 
and the second cohort validated the Fos-based measurements using 
immunofluorescence. We observed similar patterns of group differences 
between experimental cohorts. When analyzed as a percent difference 
from their respective naive control groups, our data show that FM-PAT 
accurately tracked the amount of β-gal present from the transgenic rats 
and β-gal expression was found to be highly correlated to Fos expression. 
These findings suggest that FM-PAT can provide an accurate measure-
ment of Fos expression using the Fos-LacZ transgenic rat model. 

Fear conditioning in rodents induces Fos expression in the mPFC [9, 
27,28,38] and therefore, we used it as an ideal paradigm to test 
FM-PAT’s utility to detect neuronal activation. Animals across all 
shocked groups demonstrated progressive acquisition of conditioned 
fear after three shock-tone pairings in a controlled context (see Fig. 3). 
Both FM-PAT and immunofluorescence results support that the Fos 
signal is increased in the mPFC in both the sham- and fear-conditioned 
animals when compared to the behaviorally naive or the vehicle control 
groups. We hypothesize that both the sham and fear conditioning par-
adigms exposed animals to the novelty of the tones, and perhaps the 
context despite habituation, led to a high magnitude of Fos expression in 
both groups [55–57]. However, some subtle differences may exist in the 
expression patterns of the Fos-based neuronal ensembles (Fig. 4A-D) 
between the fear-conditioned and sham conditioned groups that will be 
discernable as this technology develops and matures. In fact, differential 
clustering of Fos-based neuronal activity is visually evident in the 
average PA-images presented in Fig. 4 with the fear-conditioned group 
having lateral clustered areas of high-intensity activity and 
sham-conditioned displaying a more medial, diffuse area of 
high-intensity within the mPFC. 

To compare results across experiments, when X-gal product intensity 
and immunofluorescence cell counts were determined as a proportion of 
their respective naive control groups, we found limited evidence in the 
sham and fear-conditioned IL subregion that FM-PAT aligned closer with 
β-gal+ cell count density results as compared to Fos (Fig. 6). This is not 
an unexpected outcome as the PA signal is directly dependent on the 
reporter gene system where transgene expression can vary slightly 
across brain regions [58] as we observed with a non-perfect correlation 
between Fos+ and β-gal+ cell count/mm2 mainly in the IL (Fig. 5G). 

In general, our results comparing the activity between the PL and IL 
contribute evidence that the activation in the PL was driving the mPFC 
response more than the IL in both sham and fear conditioning condi-
tions. The 2-way ANOVA results indicated that the subregion was a 
significant factor in FM-PAT, Fos+ cell count, and β-gal+ cell count 
supporting a predominant role of the PL. However, post hoc analyses 
only revealed individual significant reductions in signal between the PL 
and the IL with the sham and fear-conditioned groups from the FM-PAT 
analysis (Fig. 4), and marginal effect (p ≈ 0.1) for Fos+ cell count and 
β-gal+ cell count between PL and IL (Fig. 5). The main findings in all of 
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Fig. 5. A: Representative 200 x merged full-size Fos/β-gal/NeuN medial prefrontal cortex (mPFC) images across behaviorally naive, non-shocked sham conditioned, 
and fear-conditioned groups. The area shown in B is indicated by a white box. B: Representative 200 x Fos/β-gal /NeuN immunofluorescence microscopy images 
across behaviorally naive, non-shocked sham conditioned, and fear-conditioned groups C: Comparison of each group’s Fos+ cell count/mm2 in the mPFC analyzed 
using univariate ANOVA. D: Comparison of each group’s Fos+ cell count/mm2 in the subregions of the mPFC: the prelimbic and infralimbic cortices using 2-way 
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our experiments and the post hoc analysis of PA data support current 
literature that suggests neuronal activity in the PL regulates the acqui-
sition of learned behaviors, particularly a conditioned fear response [30, 
37,59]. However, given our sham-conditioned groups also displayed a 
subregional-based difference, the role of fear learning remains to be 
clarified. The unique findings of FM-PAT demonstrating significant post 
hoc group differences may indicate that its measurement of intensity, 

which is related to total Fos-expression, may be more sensitive to sub-
regional differences than changes in Fos/β-gal+ cell count. 

In this study, we expanded on our initial proof of principle study [24] 
by developing and demonstrating the capabilities of using FM-PAT in 
tandem with the Fos-LacZ transgenic rat model to quantify 
Fos-expressing neuronal ensemble activity after fear acquisition in vivo. 
Our previous work developed and tested this system and its ability to 

ANOVA with the experimental group and mPFC subregion as the factors. E: Comparison of each group’s β-gal+ cell count/mm2 in the mPFC analyzed using univariate 
ANOVA. F: Comparison of each group’s β-gal+ cell count/mm2 in the subregions of the mPFC: the prelimbic and infralimbic cortices using 2-way ANOVA with the 
experimental group and mPFC subregion as the factors. G: Linear regression of Fos+ cell count/mm2 vs β-gal+ cell count/mm2. Analyses are shown for the mPFC and 
its subregions: the prelimbic and infralimbic cortices. * : Significant after Benjamini–Hochberg with uncorrected p values *p < 0.05, * *p < 0.01, * **p < 0.001, 
* ** *p < 0.0001. All displayed correlations significant at the * **p < 0.001 level. 

Fig. 5. (continued). 
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detect stimuli-driven Fos expression largely ex vivo or preliminarily in 
vivo [24,39]. This study expanded this work by bringing FM-PAT fully in 
vivo with a comprehensive study that integrated both behavioral and 
vehicle controls complete with comparisons to a parallel-designed 
immunofluorescent study ex vivo that is a current standard model for 
Fos detection. Prior approaches have conducted in vivo Fos visualization 
using invasive implanted fiber-optic cannula imaging [60] or 
low-resolution magnetic resonance contrast agents [61]. Researchers 
have also used calcium- or voltage-sensitive dye contrast agents in 
combination with PA imaging to track neural ensembles in an anes-
thetized mouse [3,4]. Our technique expands the utility of PA in 
ensemble identification further by selectively identifying Fos-expressing 
ensembles. Currently, the PA imaging technique used in this study 
represents an average of the Fos-expression across a brain region, but 
recent advances in photoacoustic microscopy may allow the expansion 
of the technique towards spatial resolutions capable of individual 
Fos-expressing cell imaging [62,63]. The advantage of imaging 
Fos-expressing neuronal ensembles over voltage- or calcium-based en-
sembles is that Fos-expressing ensembles provide a snapshot of the most 
persistently activated and highly involved neurons that are engaged in 
the behavior. In the future, both these exogenous chromophore tech-
niques and endogenous chromophore techniques (i.e., BOLD-response, 
lipid content, water content) could potentially be performed simulta-
neously using PA MSOT to differentiate the various chromophores 
involved. This type of multimodal neural and neuronal activity 

monitoring would provide a comprehensive model of neuroactivity 
behind a variety of behavioral and neuropsychological processes. In 
addition, FM-PAT is not necessarily a lethal imaging technique and may 
provide a future means for longitudinal imaging of Fos-expressing 
neuronal ensembles which would add considerable utility to neuronal 
ensemble research. 

In summary, we demonstrated the ability of FM-PAT to accurately 
detect Fos-expressing ensembles within the mPFC and its subregions 
after fear conditioning. In combination with other existing and devel-
oping functional PA imaging techniques, FM-PAT may provide a broadly 
applicable way to monitor neuronal activity. 
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