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Neuroimmune interactions have been studied for decades. Several neurodevelopmental
disorders have been associated with immune dysfunction. However, the effects of
immune system on neuronal function remain unknown. Herein, based on c-Fos protein
expression, we characterized the brain areas that are activated after contextual fear
conditioning (CFC) training or retrieval in severe combined immune deficiency (SCID)
and wild-type mice. Further, we analyzed the interregional correlations of c-Fos activity
that are affected by deficiency in adaptive immunity. Results showed significantly lower
c-Fos density in learning and memory-associated brain regions of SCID mice after
memory retrieval, but not during the CFC training. Moreover, SCID mice exhibited
remarkably discordant interregional neuronal activities of learning neuron circuits after
CFC training, which could be the cause of inefficient activation of the memory circuit
after retrieval. These results provide a new perspective on how adaptive immunity
affects neuronal function. Adaptive immune deficiency impairs the coordination of neural
activity after training and retrieval, which might be a potential therapeutic target for
neurodevelopmental disorders.

Keywords: adaptive immune, c-Fos, neural activity, contextual fear conditioning, neurodevelopmental disorders

INTRODUCTION

A wide range of neurodevelopmental disorders, including autism spectrum disorder (Hughes et al.,
2018) and neurodevelopmental delay (Bodnar et al., 2020), have been associated with immune
system dysregulation. Advances in our understanding of neuroimmune interactions have led to
fundamental changes in the concepts of immunology and neuroscience. The immune system is
not self-regulated, but functions in close association with the nervous system (Dantzer, 2018). The
nervous system regulates immune factors through neuroendocrine mediators and peripheral nerve
endings innervating immune organs. Reciprocally, immune cells and mediators play a regulatory
role in the nervous system and participate in the elimination and plasticity of synapses during
development, as well as in synaptic plasticity during adulthood (Tanabe and Yamashita, 2018;
Morimoto and Nakajima, 2019).
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Immune Deficiency and Neural Activity

Studies have demonstrated that adaptive immunity is
implicated in brain functions, including learning and memory
retrieval (Brynskikh et al,, 2008; Baruch and Schwartz, 2013;
Radjavi et al,, 2014). The first evidence came from experiments
that examined the cognitive ability of wild-type (WT) and
severe combined immune deficiency (SCID, deficient in both
T cell and B cell responses) mice, by using the Morris water
maze, a hippocampal-dependent visuospatial learning/memory
task (Kipnis et al, 2004). SCID mice manifested significant
impairment of spatial memory compared to their WT
counterparts, and the brain function in SCID mice was
restored when adaptive immunity was enhanced. Subsequently,
researchers found that depletion of adaptive immune cells
in naive mice also impairs spatial memory, supporting the
notion that immunity plays a lifelong role in maintaining brain
functions (Wolf et al., 2009; Derecki et al., 2010). However,
the mechanism by which adaptive immunity affects memory is
poorly understood.

Memory is a complex process through which information
acquired during learning is stored. Synaptic and system changes
are involved in the memory processes. The synaptic change is
completed within hours of training and involves the stabilization
of synaptic connectivity in localized circuits (Takeuchi et al,
2014). System changes are a more prolonged process that
involves gradual reorganization of the brain regions that support
memory (Frankland and Bontempi, 2005). Contextual fear
conditioning (CFC) behavioral tests have been well studied
as hippocampus-dependent spatial and associative learning
tasks that activate hippocampal-cortical memory networks
(Cowansage et al.,, 2014). Episodic memories initially require
rapid synaptic plasticity within the hippocampus for their
formation and are gradually consolidated in neocortical networks
for permanent storage (Kitamura et al., 2017). Evidence shows
that the hippocampus, amygdala, retrosplenial cortex (RSP),
and prefrontal cortex are key regions supporting memory
consolidation and retrieval processes (Tonegawa et al., 2018;
de Sousa et al., 2019).

c-Fos is one of the first transcription factors whose induction
was shown to be activity-dependent and is routinely used as an
indicator of neuronal activation (Gallo et al., 2018; Silva et al.,
2019). Fear memory paradigms have been shown to produce
changes in c-Fos expression in different structures (Maviel et al.,
2004; Lopez et al., 2012; Pignatelli et al.,, 2019). In this study,
using c-Fos protein expression pattern, we characterized the
brain areas that are activated in WT and SCID mice after CFC
training or retrieval and evaluated the interregional correlations
of c-Fos activity affected by adaptive immunity deficiency. Our
results helped to uncover the immunity-neuron interaction and
the potential therapy for neurodevelopmental disorders with
immune dysfunction.

MATERIALS AND METHODS

Mouse Strains and Housing
B6.CB17-Prkdc*@/Sz] (SCID, JAX 001913) and WT mice
(C57BL/6] background) purchased from the Jackson Laboratory

were maintained in the animal facility for at least 1 week prior
to the start of the experiments. Mice were maintained and
bred in-house under standard 12-h light-dark cycle conditions.
They were given standard rodent chow and sterilized tap
water ad libitum, unless stated otherwise. Male mice at 10-
20 weeks of age were used for the behavioral experiments.
Experimenters were blinded to the experimental groups during
scoring and quantification. All experiments were approved
by the Institutional Animal Care and Use Committee of the
University of Virginia.

Contextual Fear Conditioning Training

and Retrieval

The equipment used was purchased from Coulbourn Instruments
(United States). Figure 1A illustrates the experimental design.
During training, mice were introduced to a new context (test
chamber), following which a stimulus was delivered in the form
of a foot shock. The walls of the test chamber were painted white,
and the chamber was scented with 0.25% benzaldehyde. Each
mouse was placed in the test chamber for 3 min. After 3 min,
electric foot shock (2 s, 0.50 mA) was delivered thrice during
198-200, 258-260, and 318-320 s. The mice were left in the
test chamber for an additional 30 s before they were returned to
their home cages.

At 1 day or 4 weeks posttraining, CFC-trained mice were
returned to the test chamber for memory retrieval. The test at
1 day posttraining was referred to as recent retrieval. The test at
4 weeks posttraining was called remote retrieval. Mice were kept
in the test cage for 3 min and returned back to their home cage
without delivering the electric foot shock.

Immunohistochemistry

Mice were euthanized by Euthasol overdose (10% vol/vol in
saline, intraperitoneally) at 90 min (for c-Fos) and 60 min
(for Arc) after training or retrieval. The animals were
transcardially perfused with ice-cold phosphate-buffered saline
(PBS) containing heparin (10 U mL™!) followed by 4%
paraformaldehyde (PFA). Brains were dissected out and kept in
4% PFA overnight at 4°C. The fixed brains were washed with PBS
and cryoprotected by immersing them in 30% sucrose solution
for 48 h at 4°C. The fixed brain tissue was frozen in Tissue-Plus
OCT compound (Thermo Scientific) and sliced into 40-pm-
thick free-floating coronal sections using a cryostat (Leica). Brain
sections were stored in PBS containing 0.02% sodium azide at 4°C
until further use.

Brain sections were blocked with 1% bovine serum albumin
(BSA), 2% normal serum (either goat or chicken), 0.2% Triton
X-100, and 0.1% Tween 20 in PBS for 1 h at room temperature
(RT). Sections were then incubated with appropriate primary
antibodies in PBS containing 5% BSA and 0.2% Triton X-
100 overnight at 4°C. The primary antibodies used were as
follows: rabbit anti-c-Fos (1:1,000, Synaptic Systems, 226003),
mouse anti-NeuN (1:300; Millipore, MAB377, clone A60), or
rabbit anti-Arc (1:100, Santa Cruz, sc-15325). Brain sections
were then washed three times for 15 min at RT with PBS
containing 0.2% Triton X-100 and 0.1% Tween 20. This
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FIGURE 1 | Limited differences in c-Fos expression between SCID and WT mice brain after contextual fear conditioning training. (A) General scheme of contextual
fear conditioning training and retrieval. (B) Representative immunofluorescence images of the brain sections from WT (top) and SCID (bottom) mice 90 min after CFC
training. c-Fos is in green, NeuN in red, and DAPI in blue. Brain regions: medial prefrontal cortex, anterior cingulate cortex, retrosplenial cortex, hippocampus, and
amygdala. Scale bar, 500 pm. Low-power images were presented in the white solid line frames, with white dotted frames that showed the regions zoomed in. White
dotted line outlined most of the brain regions for quantification. (C) c-Fos—positive cell density in different brain regions of WT and SCID mice (n = 4, data represent

mean + SEM, *p < 0.05).

DG CA3 CA1 LA BLAa BMAp MEAav CEA

was followed by incubation at RT for 1 or 1.5 h with
species-matched fluorescently conjugated secondary antibodies
(1:1,000, Invitrogen) diluted in PBS containing 0.2% Triton X-
100. Nuclei were stained with 4’,6-diamidino-2-phenylindole

(DAPI, 1:10,000, Sigma-Aldrich) at RT for 15 min. The
sections were washed with PBS three times for 15 min and
mounted with Aqua-Mount (Thermo Scientific TA-125-AM)
under coverslips.
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Image Acquisition and Analysis

For detecting c-Fos-positive cells, samples from the same
experiment were stained and analyzed simultaneously using
same settings on the Olympus FV1200 laser scanning confocal
microscope with a 10x objective and 0.40 NA. Quantification
of c-Fos expression was performed using the Fiji software
(NIH). The following brain regions were analyzed using specific
coordinates: infralimbic cortex (IL) and prelimbic cortex (PrL) at
+1.98 to +1.54 mm from bregma; cingulate cortex (Cgl, Cg2,
and M2) at +1.10 to +0.26 mm from bregma; hippocampus
and RSP at —1.58 to —2.06 mm from bregma; and amygdala at
—1.46 to —2.06 mm from bregma. Brain areas were manually
outlined based on the DAPI and NeuN signals following the
Allen Brain Reference Atlas and measured automatically by Fiji.
The c-Fos-positive nuclei for each brain region were counted
using the “Analyze Particles” tool in Fiji. Only the c-Fos-
positive nuclei within a specific size range were counted, and
a constant threshold level of staining was used to distinguish
c-Fos-positive cells as follows: a fluorescence area between
18.07 and 117.78 wm? and mean intensity greater than 60
(arbitrary units) were counted. This method has been described
previously (Lopatina et al., 2014; Zhong et al., 2014). The density
of c-Fos—positive cells (c-Fos per mm?) in each brain region
was averaged from three sections per animal and at least four
mice for each group.

Statistical Analysis

Statistical analysis was performed using Prism 8.0 (GraphPad
Software, Inc.). Comparison between two groups was performed
using a two-tailed unpaired Student ¢-test. Pearson correlation
coefficients were calculated for pairwise comparisons of c-Fos
density among all 14 brain regions analyzed. Correlations were
displayed as a color-coded correlation matrix generated using a
custom R-code (R version 3.6.3).

RESULTS

c-Fos Expression in Severe Combined
Immune Deficiency and Wild-Type Mice
After Contextual Fear Conditioning

Training

Contextual fear conditioning behavioral test, a hippocampus-
dependent spatial and associative learning/memory task, was
used to compare the spatial learning/memory of SCID and WT
mice. The CFC training was performed by transferring each
mouse from the home cage to the test chamber where the animals
received an electric foot shock (Figure 1A). SCID and WT mice
were euthanized 90 min after CFC training. To investigate the
brain regions that are activated during the training, brain slices
were stained for c-Fos and NeuN. We quantified the density of
c-Fos—positive cells in 14 brain regions that are known to play
a crucial role in contextual fear learning and memory (Tovote
et al,, 2015). Figure 1B shows the density of c-Fos—positive cells
in the IL, PrL, anterior cingulate cortex (Cgl, Cg2, and M2), RSP,
hippocampus (DG, CAl, and CA3), and amygdala.

Although strong c-Fos expression was observed in these 14
brain regions of SCID mice, c-Fos expression was slightly higher
in the WT mice brain. However, significant differences were
observed only in the IL and PrL (p < 0.05, Figure 1C). IL and
PrL regions have well-established roles in the fear memory circuit
(Frankland and Bontempi, 2005).

Inefficient c-Fos Expression in Severe
Combined Immune Deficiency Mice
Following Memory Retrieval

To assess brain activity during recent memory retrieval, CFC-
trained SCID and WT mice were transferred to the test cage at
1 day post-CFC training (Figure 1A). In the retrieval experiment,
no electric shock was given to the animals. The animals were
euthanized 90 min later, and c-Fos expression in the brain was
evaluated (Figure 2A). Significant differences were observed in
the hippocampus (DG, CAl, and CA3; p < 0.001, p < 0.05,
and p < 0.05, respectively) and RSP (p < 0.01) (Figure 2B).
Furthermore, the density of Acr (another immediate early gene)-
positive cells at RSP and DG regions was lower in SCID mice
than WT, which was consistent with c-Fos expression (p < 0.05)
(Figures 2C,D).

Remote memory retrieval was performed at 4 weeks post-
CFC training (Figure 1A). CFC-trained SCID and WT mice were
placed in the test cage without giving the electric shock. Results
showed significantly lower c-Fos levels in SCID mice, especially
in the medial PrL, RSP, and CA1 (Figures 3A,B).

Lack of Adaptive Immunity Impairs the
Interregional Activation of Learning and

Memory Neuron Circuits

To gain insight into the functional connections within the
learning and memory neuron circuits, we computed the
correlation between each pair of brain regions in each group.
The interregional correlation matrix for each experimental group
led to the identification of sets of regions whose c-Fos density
covaried across mice.

Results showed that in WT mice after CFC training, there
was a strong connection between the brain regions that
are important for learning and memory (Figure 4A, left).
However, SCID mice showed remarkably discordant activation
between the hippocampus-prefrontal cortex, hippocampus-
amygdala, and prefrontal cortex-amygdala (Figure 4A, right).
With the withdrawal of DG activation in memory retrieval,
the prefrontal cortex to process memories might mirror that
of the hippocampus to process recent memories. Inefficient
activation of the cortex regions during the CFC training
affected the memory retrieval, especially remote memory retrieval
(Figures 4B,C).

DISCUSSION

To assess brain function and memory processes in mice lacking
adaptive immunity, we compared c-Fos expression in 14 brain
regions of SCID and WT mice that are known to be involved
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FIGURE 2 | Inefficient neuronal activity in the hippocampus and retrosplenial cortex of SCID mice after recent memory retrieval. (A) Representative
immunofluorescence images of five brain regions from WT and SCID mice after recent memory retrieval (1 day after CFC training). c-Fos is in green, NeuN in red, and
DAPI in blue. Scale bar, 500 um. (B) c-Fos—positive cell density in different brain regions of WT and SCID mice after recent memory retrieval (0 = 6-7 per group, data
represent mean + SEM, “p < 0.05). (C) Representative immunofluorescence images of retrosplenial cortex and dentate gyrus from WT and SCID mice 60 min after
recent memory retrieval. Arc is in green, and DAPI in blue. Scale bar, 200 wm. (D) Quantified Acr-positive cells at RSP and DG regions after recent memory retrieval
(n = 3 per group; data represent mean + SEM, *p < 0.05, **p < 0.01, **p < 0.001).
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in the acquisition of contextual memories. IL and PrL showed
remarkably lower c-Fos expression during learning in SCID
mice. In recent memory retrieval test at 1 day post-CFC
training, remarkable differences in c-Fos density in the RSP and
hippocampus were observed between SCID and WT mice. In
the remote memory retrieval test at 4 weeks post-CFC training,
the prefrontal cortex, RSP, CAl, and medial nuclei of the
amygdala of the SCID mice showed significantly lower c-Fos
expression than WT mice.

Memories are thought to be initially stored within the
hippocampal-amygdala network (recent memory) and, over
time, slowly consolidate within the neocortex for permanent
storage (remote memory) (Frankland and Bontempi, 2005;
Lopez et al.,, 2012; Tonegawa et al., 2018; Todd et al., 2019).
Consistent with previous studies, our study found that in WT

mice, the DG-CA3 hippocampal network was active during
learning and recent memory retrieval (1 day posttraining),
whereas it was not activated by remote memory retrieval (4 weeks
posttraining). Hippocampal CA1 activity was involved in both
recent and remote memory retrieval. In our study, significantly
lower neuronal activity was observed in the hippocampus and
neocortex of the SCID mice during memory retrieval.
Furthermore, interregional activation patterns showed that
SCID mice have abnormalities in neural circuits, which might be
the cause of memory dysfunctions. The low neuronal activity in
SCID mice was limited to IL and PrL regions during the learning
stage. However, remarkable discordant activation was observed
between the hippocampus—prefrontal cortex, hippocampus-
amygdala, and prefrontal cortex-amygdala. IL and PrL, as part
of the prefrontal cortex, are highly interconnected with the
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FIGURE 4 | Variations in interregional correlation of c-Fos activation between WT and SCID mice. Pearson correlation matrices showing interregional correlations of
c-Fos activation density. Axes represent the brain regions. The different colors represent Pearson correlation coefficients (scale, right). Panel (A) is for WT and SCID
mice after the CFC training. Panel (B) represents WT and SCID mice after recent retrieval. Panel (C) represents WT and SCID mice after remote retrieval.
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hippocampus, sensory cortex, motor cortex, and limbic cortex;
therefore, they are ideally suited to integrate and synthesize
information from a large number of different sources (Euston
et al,, 2012). Kitamura et al. (2017) found that neocortical
prefrontal memory engram cells are rapidly generated during
initial learning through inputs from both the hippocampus
and the basolateral amygdala and became functionally mature
with time, which is critical for remote contextual fear memory.
The insufficient activation of IL and PrL by the hippocampus-
prefrontal cortex circuitry does not affect the learning ability of
SCID mice, but could have a potential effect on memory retrieval.
The importance of interregional coactivation in neuron circuits
has been demonstrated using chemogenetic neuronal inhibition
and computational modeling (Kitamura et al., 2017; Roy et al,,
2017; Pignatelli et al., 2019).

The findings of this study have to be seen in light of
some limitations. In the CFC behavior test, SCID mice did
not show significant difference for freezing time between
genders. Considering stable behavior phenotype, we used only
male mice in the study. However, immune deficiency and
neurodevelopmental disorders affect both male and female. It
is better to include female mice in a future study. The second
limitation concerns that the study did not provide mechanistic
insights into the impairments of neural activity in SCID mice
after training and retrieval. Further studies will be aimed at
understanding the molecular basis that underlies how adaptive
immunity impairs neural activity.

Overall, our results provide new details about how adaptive
immunity affects neuronal function. Mice lacking components
of adaptive immunity have problems with neuronal activation
and interregional coordination of neuron circuits during training
and memory retrieval. Our results uncover the neural-immune
interactions and will help in developing novel therapies for
neurodevelopmental disorders due to immune dysfunction.
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