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Abstract

Surfactant protein A (SP-A) has important roles in innate immunity and modulation of pulmonary
and extrapulmonary inflammation. Given SP-A has been detected in rat and human brain, we
sought to determine if SP-A has a role in modulating inflammation in the neonatal mouse brain.
Neonatal wildtype (WT) and SP-A-deficient (SP-A~") mice were subjected to three models of
brain inflammation: systemic sepsis, intraventricular hemorrhage (IVH) and hypoxic-ischemic
encephalopathy (HIE). Following treatment, RNA was isolated from brain tissue and expression
of cytokine and SP-A mRNA was determined by real-time quantitative RT-PCR analysis. In

the sepsis model, expression of most cytokine mMRNAs was significantly increased in brains of
WT and SP-A™~ neonates with significantly greater expression of all cytokine mRNA levels

in SP-A~~ mice compared to WT. In the I\VH model, expression of all cytokine mMRNAs was

Corresponding author: Joseph L. Alcorn, Division of Neonatology, Department of Pediatrics, McGovern Medical School, University
of Texas Health Science Center at Houston, Houston, TX 77030, USA, Phone: 713-500-5641, Joseph.L.Alcorn@uth.tmc.edu.
Caroline E. Crocker Conceptualization, Methodology, Writing-original draft, data curation, visualization

Romana Sharmeen Investigation

Thu T. Tran Investigation, resources, Writing-review and editing

Amir M. Khan Conceptualization, Funding acquisition, Writing-review and editing

Wen Li Validation

Joseph L. Alcorn Project administration, Supervision Writing-original draft, Visulaization

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Ethics Approval and Consent to Participate

Mice used in this study were housed in the Center for Laboratory Animal Medicine and Care at the McGovern Medical School at the
University of Texas Health Science Center at Houston, TX. All experimental protocols were approved by the Institutional Animal Care
and Use Committee of McGovern Medical School (AWC-20-0066, Houston, TX).



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crocker et al. Page 2

significantly increased in WT and SP-A~/~ mice and levels of cytokine mRNAs were significantly
increased in SP-A~~ mice compared to WT. In the HIE model, only TNF-a mRNA levels

were significantly increased in WT brain tissue while most cytokine mRNAs were significantly
increased in SP-A~'~ mice, and all cytokine mRNA levels were significantly higher in SP-A~/~
mice compared to WT. SP-A mRNA was not detectable in brain tissue of adult WT mice nor

of WT neonates subjected to the models. These results suggest that SP-A~/~ neonatal mice
subjected to models of neuroinflammation are more susceptible to generalized and localized
neuroinflammation compared to WT mice, thus supporting the hypothesis that SP-A attenuates
inflammation in neonatal mouse brain.
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surfactant; neonatal; neuroinflammation; sepsis; IVH; HIE

1. Introduction

The neonatal population is inherently at risk for certain neuroinflammatory processes
resulting from both systemic and localized injury. Three examples of such processes are
sepsis, intraventricular hemorrhage, and hypoxic-ischemic encephalopathy. All neonates

are vulnerable to sepsis, a potentially life-threatening inflammatory condition that occurs

as a consequence of infection, which increases peripheral production of proinflammatory
cytokines and reactive oxygen species, resulting in increased permeability of the blood-
brain barrier (BBB) and activation of glial cells and cytotoxic mediators (Danielski et al.,
2018). Intraventricular hemorrhage (IVH), bleeding within or surrounding the ventricles

of the brain that is fairly common and specific to preterm neonates, results in red blood

cell lysis and hemoglobin oxidation with the release of heme which can cause sterile
neuroinflammation (Erdei et al., 2020). In term neonates, hypoxic-ischemic encephalopathy
(HIE) can occur as a result of oxygen deprivation to the infant brain; in such cases,
neuroinflammation is a major contributor to secondary brain cell injury which accounts for a
significant proportion of neuronal loss in hypoxic-ischemic encephalopathy (HIE) (Li et al.,
2020). While these three inflammatory insults are similar in that they are all commonly seen
clinically in neonates, they are believed to represent three completely different mechanisms
of inflammation in the brain.

Production and action of pro-inflammatory cytokines, particularly IL-1p, IL-6 and TNF-

a, are common factors between these three different neuroinflammatory mechanisms.
Mimicking sepsis, LPS injection leads to production of these cytokines by microglia and
astrocytes in the neonatal rat brain (Dammann and Leviton, 1997; Fleiss et al., 2021;
McAdams and Juul, 2012). When injected into neonatal mouse brain, these cytokines lead to
proliferation of astrocytes in conjunction with reduced myelination (Nesin and Cunningham-
Rundles, 2000), presumably due to TNF-a-induced apoptosis of oligodendrocytes (Cai et
al., 2000). These cytokines have a role in neuronal injury during hypoxic ischemia of the
brain, which leads to increased secretion of IL-1p, IL-6 and TNF-a by activated microglia
(Rothwell and Hopkins, 1995). In addition, the human IL-8 homologue CXCL1 has been
shown to be involved in pro-inflammatory microglia activation following inflammation-
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sensitized hypoxic-ischemic brain injury in neonatal rats (Serdar et al., 2020). Further
research into other potential proteins involved in these neuroinflammatory mechanisms is
certainly warranted.

While surfactant is well-recognized in reducing alveolar surface tension in the lungs,
components of surfactant have also been demonstrated to be involved in immune system
activation and regulation of inflammation. Hydrophilic surfactant proteins A (SP-A) and D
(SP-D) are carbohydrate-binding lectins, or collectins, that have been found to mediate
recognition and neutralization of pathogens and modulate the inflammatory response
(Herbein and Wright, 2001; Kishore et al., 2001; Kishore et al., 2006; Nayak et al., 2012;
Sato et al., 2003; Vieira et al., 2017; Wright, 2005). In addition to their expression in

the lung, SP-A and SP-D are expressed at extra-pulmonary sites including the nervous,
ocular, cardiovascular, gastrointestinal, urinary/renal, male and female genital/reproductive,
integumentary, and glandular systems (Madsen et al., 2000; Nayak et al., 2012; Snyder et
al., 2008; Sorensen, 2018; Stahlman et al., 2002; Vieira et al., 2017). The role of collectins,
specifically SP-A, in central nervous system (CNS) inflammation is the focus of the present
study.

The function of the collectins in regulation of inflammation is complex. A wide variety of
ligands bind to or activate SP-A and SP-D, which then bind to downstream receptors (for

a comprehensive list of these ligands and receptors, see (Vieira et al., 2017). Because of
these complex and dynamic interactions, SP-A and SP-D are considered to be both pro-

and anti-inflammatory molecules, which is consistent with findings in prior clinical research.
SP-A and SP-D were found to have pro-inflammatory effects in the colon (Nexoe et al.,
2019) and vascular system (Colmorten et al., 2019). On the other hand, SP-A and SP-D
have been found to attenuate inflammation in the intestine (Liu et al., 2021; Quintanilla et
al., 2015; Saka et al., 2016), kidney (Tian et al., 2017), pancreas (Liu et al., 2015), fetal
tissue (Agrawal et al., 2018; Salminen et al., 2008), and vascular system (Colmorten et

al., 2019). While the anti-inflammatory effects of SP-A in the CNS have not been directly
investigated, several previous studies have explored SP-A expression in the context of
multiple CNS disease processes (Colmorten et al., 2019; Schob et al., 2013; Schob et al.,
2016; Yang et al., 2017). In addition, it is known that SP-A binds to toll-like receptor (TLR)
2 and TLR4 and modulate their activity by various mechanisms (Henning et al., 2008).

The main role of TLRs during neuroinflammation is the regulation of pathways which
activate astrocytes, microglia, enzymes, and cytokines during the inflammatory process
(Kielian, 2006). Therefore, it is reasonable to hypothesize that SP-A may play a role in
neuroinflammation.

In this study, our goal was to further examine the role of SP-A in inflammation in

the neonatal mouse brain by contrasting wildtype mice and mice deficient in SP-A.

We chose models of sepsis, intraventricular hemorrhage (IVH), and hypoxic-ischemic
encephalopathy (HIE) as triggers of this inflammation because these pathologies have
certain implications for the neonatal population. The mechanisms of these pathologies
as causes of neuroinflammation have been fairly well-established and primarily involve
astrocyte and microglial activation, followed by infiltration of peripheral immune cells
which then release a variety of pro-inflammatory cytokines, including IL-1, IL-5, IL-6,
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CXCL1, and TNF-a (Aronowski and Zhao, 2011; Gao et al., 2008; ladecola and Anrather,
2011; Jones et al., 2018; Patel et al., 2013; Taylor and Sansing, 2013; Wang and

Tsirka, 2005; Wang and Dore, 2007; Wilson and Young, 2003; Zhou et al., 2014). Other
cytokines, including IL-4 and IL-10, are then triggered which exert inhibitory regulation

on CNS cytokine production (Sawada et al., 1995). While previous work has examined the
role of SP-A in inflammation, neuroinflammation has not been extensively investigated.
Additionally, SP-A expression in the mouse brain has not been explored. In the present
study, we hypothesized that SP-A as an immunomodulatory protein attenuates inflammation
in the neonatal mouse brain.

2. Results

2.1 Cytokine expression in brain tissue of SP-A™~ mice is significantly increased
compared to WT mice subjected to a sepsis model of generalized neuroinflammation.

To assess cytokine expression in WT and SP-A™~ mice following intraperitoneal LPS
injection as a model for sepsis, qRT-PCR analysis of cytokine mRNA was performed.
Expression of cytokine mRNA as a fold-change from WT control is shown in Figure 1 for
both genotypes (WT or SP-A~") following injection of LPS or phosphate-buffered saline
(PBS). We found that control expression (mice injected with PBS) of IL-1p, IL-6, CXCL1,
and TNF-a mRNA in SP-A~/~ neonatal mouse brain was significantly higher than levels in
WT brain following intraperitoneal injection of PBS, a trend reported previously in ileum of
neonatal mice (Liu et al., 2021). We found statistically significant differences between WT
mice injected with PBS vs LPS for IL-1p (p < 0.001), CXCL1 (p=0.047), and TNF-a (p
=0.001). We also found statistically significant differences for SP-A~~ mice for IL-1f (p<
0.001), CXCL1 (p=0.012), TNF-a (p=10.012) and IL-10 (p = 0.004), indicating that the
model is effective in generating inflammation. In addition, expression of all five cytokine
mMRNAs (IL-1B, IL-6, CXCL1, TNF-a, and IL-10) was significantly increased in the brains
of SP-A~/~ mice compared with WT mice at 24 hours following LPS injection (o= 0.001, p
=0.002, p<0.001, p<0.001, and p< 0.001, respectively). These results indicate that SP-A
deficient mice demonstrate increased expression of inflammatory cytokines following LPS
injection compared with WT controls. Interestingly, when analyzing for any sex differences
in cytokine levels following the sepsis model, we found significantly greater cytokine levels
in males compared to females for IL-6 (p = 0.009), CXCL1 (p = 0.019), and TNF-a (p =
0.049) (data not shown).

2.2 Cytokine expression in brain tissue of SP-A™~ mice is significantly increased
compared to WT mice subjected to an IVH model of localized neuroinflammation.

To compare cytokine expression in WT and SP-A~'~ mice following unilateral
intraventricular hemoglobin injection as a model for IVH, gRT-PCR analysis of cytokine
mRNA was performed. Expression of cytokine mRNA as a fold-change from WT control is
shown in Figure 2 for both genotypes (WT or SP-A~") following injection of hemoglobin
(IVH) or phosphate-buffered saline (PBS). Similar to the results of the sepsis model, we
found that control expression (mice injected with PBS) of IL-1, IL-6, CXCL1, TNF-a,
and I1L-10 mRNA in SP-A~/~ neonatal mouse brain was significantly higher than levels in
WT brain following intraventricular injection of PBS. We found statistically significant
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differences between WT mice injected with PBS vs hemoglobin for all five cytokine
mRNAs (p < 0.001). We also found statistically significant differences for SP-A~~ mice
(p<0.001), indicating that the model is effective in generating localized inflammation

in the brain. In addition, expression of four cytokine mRNAs (IL-18, CXCL1, TNF-a,

and 1L-10) was significantly increased in the brains of SP-A™~ mice compared with

WT mice at 4 hours following intraventricular hemoglobin injection (p=0.005, p =

0.040, p<0.001, and p=0.002, respectively). These results indicate that SP-A deficient
mice demonstrate increased expression of inflammatory cytokines following intraventricular
hemoglobin injection compared with WT controls. However, unlike the sepsis model, we
found no significant differences in cytokine levels between males and females.

2.3 Cytokine expression in brain tissue of SP-A~'~ mice is significantly increased
compared to WT mice subjected to an HIE model of localized neuroinflammation.

To compare cytokine expression in WT and SP-A~~ mice following unilateral common
carotid artery ligation followed by hypoxia exposure as a model for HIE, gRT-PCR analysis
of cytokine mRNA was performed. Expression of cytokine mRNA as a fold-change from
WT control is shown in Figure 3 for both genotypes (WT or SP-A~") as well as all three
interventions (TrueSham, Sham+Hypoxia, and HIE). In regards to the control (TrueSham)
group, unlike the sepsis and IVH models, we found that expression of cytokine mRNA in
SP-A~'~ neonatal mouse brain did not significantly differ from levels in WT brain. We found
statistically significant differences between SP-A~~ mice that underwent Sham surgery with
hypoxia exposure and those that underwent HIE surgery for IL-1p (p=0.003), IL-6 (p=
0.001), CXCL1 (p<0.001), and TNF-a (p < 0.001), indicating that the model is effective in
generating inflammation. Expression of all pro-inflammatory cytokine mRNAs (IL-1p, IL-6,
CXCL1, and TNF-a) was significantly increased in the brains of SP-A~'~ mice compared
with WT mice at 24 hours following HIE surgery (p< 0.001, p=0.002, p< 0.001,

and p < 0.001, respectively). IL-10, an anti-inflammatory cytokine, showed no significant
difference (p = 0.241). These results indicate that SP-A deficient mice demonstrate increased
expression of inflammatory cytokines following unilateral common carotid artery ligation
followed by hypoxia exposure compared with WT controls. Again, unlike the sepsis model,
we found no significant differences in cytokine levels between males and females.

2.4 SP-A mRNA is not detectable in mouse brain through RT-PCR analysis.

To assess expression of SP-A in the mouse brain, three lung samples and three brain

sample were collected from WT and SP-A~~ mice at six weeks of age. Figures 4A and 4B
show RT-PCR analysis at 50 cycles of mSPA-1 mRNA in WT and SP-A~/~ mouse tissue.
RT-negative mSPA-1 was used as a negative control, and beta actin as a positive control. We
found that SP-A mRNA expression was detected in lung tissue of WT mice, as expected.
However, contrary to previous literature reporting SP-A expression in the brains of humans
and rates, SP-A expression was not detected in the brains of either WT or SP-A™~ mice.
These results indicate that SP-A does not appear to be expressed in the mouse brain by six
weeks of age at baseline.

In order to evaluate whether inflammation would increase SP-A expression in the brain to
detectable levels, four to five brain samples from WT mice following each of the three
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inflammatory models (sepsis, IVH, and HIE) were collected and RT-PCR analysis was again
performed at 50 cycles to measure mSPA-1 mRNA (Figure 4C). One lung sample, as well as
beta actin (not shown) were used as positive controls. Once again, SP-A expression was not
detected in the brains of WT mice, indicating that inflammation does not appear to increase
SP-A expression to a detectable level.

3. Discussion

The present study investigated the potential role of SP-A in neuroinflammation in the
neonatal mouse. Three models of neuroinflammation were selected due to their clinical
relevance in human neonates. All three models consistently demonstrated increased cytokine
expression in SP-A deficient mice following neuroinflammatory insult when compared with
SP-A sufficient mice. Notably, this finding remained reliable in models of focal CNS disease
as well as generalized neuroinflammatory injury. Despite this outcome, we were unable to
detect SP-A expression in the brains of either SP-A sufficient or SP-A deficient mice, even
following an inflammatory insult.

The vast majority of research on surfactant proteins has historically focused on their location
and function in the lung. However, more recent studies have focused on extra-pulmonary
expression of SP-A and SP-D, and several research groups have demonstrated expression
of SP-A in the CNS in humans (Schob et al., 2013; Yang et al., 2017) utilizing multiple
methods, including RT-PCR, conventional PCR, Western blot, and immunohistochemistry,
to evaluate SP-A expression in human brain tissue and cerebrospinal fluid (CSF). All
surfactant proteins, including SP-A, were detected by each of their methods. Furthermore,
they localized SP-A immunoreactivity to the tissue surrounding the microvasculature of the
brain parenchyma, the choroid plexus, and the small vessels of the pineal gland. Yang and
colleagues (Yang et al., 2017) performed immunohistochemical staining of SP-A in human
astrocytes and microglial cells, detecting immunopositive SP-A in the cytoplasm and nuclei
of human astrocytes and in the cytoplasm of microglia. However, unlike the current study,
neither of these studies utilized a negative control in SP-A~~ mice.

Other investigators have explored expression of SP-A in the CNS in rats (Luo et al., 2004;
Schob et al., 2017; Yang et al., 2017). Luo and colleagues (Luo et al., 2004) found strong
immunoreactive SP-A positive signals in myelin sheaths of cerebrum, cerebellum, and walls
of blood vessels. Schob and colleagues (Schob et al., 2017) also used immunohistochemistry
and concluded that SP-A is abundant at the site of the BBB. Similarly, Yang and colleagues
found strong immunoreactivity for SP-A in the choroid plexus, cerebellum, and glial cells.
This localization of SP-A to the choroid plexus, the microvasculature, and the BBB supports
a role for SP-A in protection of the CNS from pathogens, as well as a possible role in
prevention of entry of peripheral immune cells into the CNS. However, once again, a
negative control was not utilized in any of these investigations.

While SP-A expression in the CNS of mice had not been investigated prior to the current
study, Lambertsen and colleagues (Lambertsen et al., 2014) did utilize SP-D knockout mice
to investigate whether SP-D affected cerebral ischemic infarction and ischemia-induced
inflammatory responses in mice. They found very low to undetectable levels of SP-D in the
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normal mouse brain. Interestingly, they also found no evidence of SP-D mRNA upregulation
by the parenchymal cells after the ischemic insult. These results may be consistent with our
own in that mouse parenchymal cells do not demonstrate expression of collectin mRNA.
Additionally, relatively few studies have previously explored the function of collectins in

the CNS. SP-A expression has found to be decreased in certain central autoimmune and
neuroinflammatory conditions (notably multiple sclerosis), yet expression was increased in
diseases characterized by elevated intracranial pressure or ventricular enlargement (acute
hydrocephalus, aqueductal stenosis, and pseudotumor cerebri) (Schob et al., 2013; Schob et
al., 2016; Yang et al., 2017). Yang and colleagues (Yang et al., 2017) found that treatment of
human astrocytes and microglia with lipopolysaccharide (LPS) stimulated SP-A expression,
and that exogenous SP-A decreased expression of TLR4 and reduced IL-1p and TNF-a
levels, concluding that SP-A likely has a role in the modulation of CNS inflammatory
responses. Similar studies have been conducted investigating the effect of SP-D on CNS
diseases. Kumral and colleagues (Kumral et al., 2017) found that introduction of SP-D
resulted in a significant decline in apoptosis in a model of LPS-induced periventricular
leukomalacia. This suggests that collectins may also suppress inflammation in the brain by
promoting clearance of apoptotic cells by macrophages, similar to their role in the lung.

The current study represents the first investigation into the expression of SP-A in the

CNS in mice, as well as the first exploration of the role of SP-A specifically in neonatal
neuroinflammation. We utilized SP-A knockout mice as a true negative control which, while
far from novel, has not been consistent throughout earlier literature. Additionally, we were
able to conclusively demonstrate increased cytokine expression in SP-A deficient mice using
models of both focal and generalized brain injury. Interestingly, cytokine expression in the
control groups of two of the three neuroinflammatory models (the sepsis model and the

IVH model) showed evidence of greater inflammation in SP-A knockout mice compared

to SP-A sufficient mice. This would suggest that without any experimental inflammatory
intervention, SP-A knockout mice demonstrate higher levels of baseline inflammation. This
is consistent with previous work on SP-A in the gut by Liu and colleagues (Liu et al., 2021)
demonstrating that intestinal levels of inflammatory cytokines are increased at baseline in
SP-A knockout mice compared to wild type mice. Cytokine expression in the control group
of the HIE model demonstrated no significant difference in inflammation in SP-A knockout
mice compared to wild type mice. It is unclear if this difference could be because these mice
were slightly older (generally closer to 9 days of age rather than 7 days), or perhaps because
there was a greater degree of manipulation in this model.

Since IL-10 is anti-inflammatory, is expressed in response to inflammation, and can help
resolve inflammation in the brain by down-regulating production of IL-1p and TNF-a

(Opp et al., 1995), we expected IL-10 levels to increase in concert with the increase of
pro-inflammatory cytokine expression, perhaps “validating” the impact of the lack of SP-A
to increase inflammation in models of neuroinflammation. Indeed, our results indicate that
IL-10 expression increased in SP-A~/~ mice compared to WT mice in the models. It has
been reported that SP-A inhibits LPS-induced expression of 1L-10 by macrophages in the
lung (Chabot et al., 2003), and in this study IL-10 expression was significantly increased in
the LPS-induced model of sepsis. We feel these outcomes strengthen the argument that SP-A
has a role in modulating neuroinflammation as it does pulmonary inflammation.
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When analyzing for sex differences in cytokine levels following each inflammatory model,
only the sepsis model of generalized inflammation showed significant differences in that
males demonstrated higher cytokine levels compared to females. Several previous studies
investigated sex differences in response to bacterial infection in the presence or absence

of SP-A (see (Depicolzuane et al., 2021) for a brief review). Mikerov and colleagues
(Mikerov et al., 2008; Mikerov et al., 2012) found that in SP-A knockout mice exposed

to Klebsiella pneumoniae infection, infected males showed lower survival and were more
predisposed to have a higher level of dissemination of infection compared to females.
Additional investigation into the mechanisms for sex differences in SP-A deficient mice is a
potential future direction for this project.

There are several limitations to this study. The most notable limitation is that SP-A
expression in the brain was only analyzed by one method: RT-PCR. This identifies a definite
future direction for our work, analysis of actual cytokine levels in the brain. Another
limitation is the fairly low sample size (6-8 animals) of each intervention group, resulting
in fairly large standard deviations in some analyses. Nevertheless, statistically significant
differences were detected between SP-A~'~ and WT mice. Finally, there is currently no
reliable method of administering exogenous SP-A to SP-A~~ mice in order to demonstrate
a direct impact of SP-A on reversal of inflammation. We attempted to introduce intranasal
exogenous SP-A obtained via bronchoalveolar lavage of human subjects with pulmonary
alveolar proteinosis to neonatal mice, but were unable to verify that SP-A was delivered to
the lungs. This is another direction we hope to further investigate.

In conclusion, our study showed that neonatal mice deficient in SP-A demonstrated
increased inflammation in the brain following several proinflammatory insults, both focal
and generalized. This supports the hypothesis that SP-A does in fact play a role in neonatal
neuroinflammation in mice, and possibly in other species. This difference occurred despite
our inability to detect SP-A expression in the brains of either WT or SP-A knockout

mice both at baseline and following an inflammatory insult, suggesting that either SP-A is
expressed elsewhere in the body and circulated systemically to the brain, or SP-A expression
needs to be analyzed by other methods designed to detect very low levels of SP-A or localize
SP-A to specific sections of the brain.

4. Experimental Procedures

4.1. Animals

Wild type C57BL/6J mice (WT) were purchased from The Jackson Laboratory (#000664,
Bar Harbor, ME). Mice deficient for the SP-A gene (SP-A~/") were obtained from Dr.
Carole Mendelson (Montalbano et al., 2013) and were originally generated in the lab

of Dr. Samuel Hawgood (Li et al., 2002). It has been long established in the literature
that under normal conditions, SP-A null mice have no obvious phenotype other than
increased susceptibility to mortality after pulmonary infections by bacteria and viruses
(Depicolzuane et al., 2021; Ikegami et al., 1997). Our work and others have also shown
that SP-A-deficient mice are more susceptible to mouse models of non-pulmonary injury
involving inflammation (Liu et al., 2021; Vieira et al., 2017).
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To reduce genetic differences in our wild type and SP-A~'" lines used in this study,
backcrossing protocols were used as previously described (Liu et al., 2021). Briefly, SP-A~~
mice and WT mouse lines were crossed when first introduced in our colony and resulting
heterozygotes from different sires were crossed again. From these crosses, the resulting
SP-A~'~ and WT offspring from different sires were used as breeding pairs for our studies.
This backcross procedure is repeated yearly to keep genetic variation between the lines at a
minimum.

All three neuroinflammatory models were performed in 7- to 10-day-old (P7-P10) mice as
previous research has indicated that the brains of 7- to 10-day-old mice and rats are similar
to third-trimester human fetuses (and thus premature human newborns) in regards to cellular
proliferation and myelination, neuroanatomy, neurochemical indices, and neuroinformatics
(Clancy et al., 2007; Dobbing and Sands, 1979; Marret et al., 1995; Romijn et al., 1991).
Pups were kept with their dams at all times, with the exception of the brief period during
surgery. In regards to blinding, the surgeon for the HIE model was blinded to genotype, and
all tissues (SP-A~'~ and WT) were processed and analyzed together. SP-A expression was
evaluated in 6-week-old mice as previous research has indicated lower levels of SP-A in
neonatal mice compared with older animals. Animals of both sexes were included in each
experimental group in this study and treatment between the sexes was standardized. A total
of 94 pups were used in the study.

4.2. Sepsis model

P7 mice were injected intraperitoneally with lipopolysaccharide (LPS-EB Ultrapure;
Escherichia coli, strain: 0111:B4; 100 ug/kg; InvivoGen, San Diego, CA) diluted to 0.1
uL/g. The dose of LPS (100 pg/kg) used in this study has been previously shown in
Sprague-Dawley rats to produce mild fever (Heida et al., 2004), transient activation of
cerebral microglia, and a long-lasting increase in hippocampal excitability (Galic et al.,
2012). Furthermore, peripheral LPS administration at doses of 20 pg/kg up to 100 pg/animal
in mice have been shown to increase pro-inflammatory cytokine expression in the brain
(Gabellec et al., 1995; Pitossi et al., 1997). Pups in the control group received the same
volume of sterile phosphate-buffered saline (PBS). Pups were returned to their dams, then at
24 hours post-injection, pups were deeply sedated with isoflurane, cervically dislocated, and
decapitated to harvest brain tissue. No animals died unintentionally during this procedure.

4.3. IVH model

P7 mice received unilateral intraventricular hemoglobin injection using a modification of

a previously described rat model of neonatal 1\VH (Goulding et al., 2020). Prior to IVH
induction, pups were sedated throughout the procedure with isoflurane (5% for induction
and 2-3% for maintenance). Pups were secured in a warmed stereotaxic frame using
nonrupture ear bars (Stoelting, Wood Dale, IL). The scalp was prepped with 10% povidone-
iodine, and a midline skin incision was made to expose bregma. Using a stereotaxic

injector (Stoelting, Wood Dale, IL) equipped with a Hamilton syringe (model 701 RN,
30G, point style 4, removable needle), the right lateral ventricle was accessed at coordinates
1 mm lateral, 3 mm posterior, and 2 mm deep from bregma. Injections of 150 mg/ml of
hemoglobin (MP Biomedicals, Irvine, CA) prepared in phosphate-buffered saline (PBS) or
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PBS alone (control group) were delivered at a rate of 6.67 pl per minute, until a total of 10
ul was injected. The syringe was left in place for an additional 1 minute to reduce retrograde
flow upon removal. Incisions were closed with Vetbond tissue adhesive (3M Corp, St. Paul,
MN), and animals were returned to their dams. All mice were then deeply sedated with
isoflurane, cervically dislocated, and decapitated at 4 hours post-surgery to harvest brain
tissue. No animals died unintentionally during this procedure.

4.4. HIE model

Unilateral HIE was induced in P8-10 mice (weight 5-6 grams) using the modified Rice-
Vannucci model (Liu et al., 1999; Rice et al., 1981). After sedation with isoflurane (4%

for induction and 1.5-2% for maintenance) and local anesthesia with bupivacaine infiltration
to minimize pain and distress, the surgical site was cleaned with 10% povidone-iodine and
a midline cervical incision was made. The right common carotid artery was isolated and
occluded through 8-Watt electrocoagulation. For mice in the sham groups, the carotid artery
was visualized and isolated but not cauterized. The skin incision was closed with Vetbond
tissue adhesive and infiltrated with additional local anesthesia. All mice were subjected

to ischemic surgery within 5 minutes. Mice then received a subcutaneous injection of 0.3
mL normal saline to prevent dehydration during recovery. After surgery, the pups were

kept warm using a temperature-controlled blanket and allowed to recover for 2 hours. Two
control groups (True Sham and Sham + Hypoxia) were used in order to control for the
effects of hypoxia alone. To induce hypoxia, the HIE and Sham + Hypoxia groups were
placed in a chamber containing 10% oxygen and 90% nitrogen at 36°C for 45 minutes.
After that, the animals were replaced on a temperature-controlled blanket for 20 min and
then returned to their dams. The True Sham group remained in normoxia. All mice were
then deeply sedated with isoflurane, cervically dislocated, and decapitated at 24 hours
post-surgery to harvest brain tissue. Overall unintended death rate for this procedure was
8.3% and was due to either surgical complications or intolerance of hypoxia.

4.5. Assessment of SP-A and cytokine expression

Expression of SP-A was determined via standard reverse transcription PCR analysis, while
expression of cytokines IL-1p, IL-6, CXCL1, TNF-a, and IL-10 was determined via
real-time quantitative reverse transcription PCR (qQRT-PCR) as described previously (Liu

et al., 2021). Brains were harvested, flash frozen in liquid nitrogen, then transferred to
—80°C freezer until ready for RNA isolation. Brain tissue was mechanically homogenized
then processed to isolate RNA using RNeasy Mini Kit (Qiagen, Germantown, MD) per
manufacturer’s instructions. RNA concentration was quantified using TECAN (Infinite 200
Pro, Mé&nnedorf, Switzerland), then reverse transcription was performed for complimentary
DNA using iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA). For
cytokine analysis, qRT-PCR was performed using a LightCycler 48011 System (Roche
Diagnostics, Indianapolis, IN) and the iTaq Universal SYBR Green Supermix (Bio-Rad)
per manufacturer’s instructions using primers specific for target mMRNAs (see Table 1). Data
was calculated by the comparative Ct method (Cr, threshold cycle) and each sample was
duplicated to ensure accuracy. The amplicon used as a reference in all analyses by real-time
gRT-PCR was generated using primers specific for 18S rRNA (Tratwal et al., 2014). We
determined that the 18S rRNA primer efficiency is 106%, which is between the 90-110%
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acceptable range for PCR primer efficiency (giving an amplification of 2.07 per PCR cycle).
Cytokine expression was determined via replicated 2-22C( values and normalized to WT
control values = 1 (Livak and Schmittgen, 2001; Schmittgen and Livak, 2008).

For analysis of SP-A expression in tissue, standard RT-PCR was performed using primers
specific for mouse SP-A and p-actin (see Table 1). Briefly, mRNA isolated from lung

and brain tissue was subjected to reverse transcription to produce cDNA which was then
subjected to 50 cycles of PCR. Negative controls were included in the analysis in which the
reverse transcription step was eliminated.

4.6. Statistical analysis

Values were graphed as average mean + standard deviation (SD). Comparison of cytokine
MRNA expression between two groups by genotype or intervention was determined via
Student’s t-test. Normality was examined using the Shapiro-Wilk test. In case a variable
violated the normality assumption, the statistical result based on the Box-Cox transformed
variable was reported. To control for false discovery rate, multiple comparison adjustment
was performed using the Benjamini-Hochberg method and all the reported p-values have
been adjusted for multiple comparison. We used additional Student’s t-test to assess

sex differences in cytokine levels with each of the models of inflammation. Statistically
significant difference was defined as p-value < 0.05. All statistical analyses were performed
in R Statistical Software (version 4.2.0; R Core Team 2022).

Acknowledgements

We wish to thank Weizhen Bi, Senior Research Associate in the Alcorn Lab, for assistance with tissue processing
and cytokine analysis. We would also like to thank Brandon Miller, MD and Miriam Zamorano, PhD of the
Department of Pediatric Surgery, McGovern Medical School at UTHealth, for assistance with the IVH model.
Finally, we wish to thank Fudong Liu, MD and Jun Li, PhD, of the Department of Neurology, McGovern Medical
School at UTHealth, for assistance with the HIE model and use of their stereotaxic equipment.

Funding
This study was financially supported in part by the Richard Warren Mithoff Professorship in Neonatal/Perinatal
Medicine fellowship grant to CEC. A portion of the salary of RS was supported by the National Institute of
Neurological Disorders and Stroke (NINDS) of the National Institute of Health [award number ROINS108779].
WL was supported by the National Center for Advancing Translational Sciences (UL1TR003167). The content
is solely the responsibility of the authors and does not necessarily represent the official views of the National
Institutes of Health. The other authors have no significant funding support to declare for this work.
ABBREVIATIONS:
SP-A surfactant protein A
SP-D surfactant protein D
CNS central nervous system
IVH intraventricular hemorrhage
HIE hypoxic-ischemic encephalopathy
BBB blood-brain barrier

Brain Res. Author manuscript; available in PMC 2024 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crocker et al. Page 12

TLR toll-like receptor

LPS lipopolysaccharide

References

Agrawal V, Jaiswal MK, Beaman KD, Hirsch E, 2018. Surfactant protein A suppresses preterm
delivery induced by live Escherichia coli in mice. Biol Reprod. 99, 546-555. [PubMed: 29590302]

Akiyama T, Oishi K, Wullaert A, 2016. Bifidobacteria Prevent Tunicamycin-Induced Endoplasmic
Reticulum Stress and Subsequent Barrier Disruption in Human Intestinal Epithelial Caco-2
Monolayers. PLoS One. 11, e0162448. [PubMed: 27611782]

Aronowski J, Zhao X, 2011. Molecular pathophysiology of cerebral hemorrhage: secondary brain
injury. Stroke. 42, 1781-6. [PubMed: 21527759]

Cai Q, Li Y, Pei G, 2017. Polysaccharides from Ganoderma lucidum attenuate microglia-
mediated neuroinflammation and modulate microglial phagocytosis and behavioural response. J
Neuroinflammation. 14, 63. [PubMed: 28340576]

Cai Z, Pan ZL, Pang Y, Evans OB, Rhodes PG, 2000. Cytokine induction in fetal rat brains and brain
injury in neonatal rats after maternal lipopolysaccharide administration. Pediatr Res. 47, 64-72.
[PubMed: 10625084]

Chabot S, Salez L, McCormack FX, Touqui L, Chignard M, 2003. Surfactant protein A inhibits
lipopolysaccharide-induced in vivo production of interleukin-10 by mononuclear phagocytes during
lung inflammation. Am J Respir Cell Mol Biol. 28, 347-53. [PubMed: 12594061]

Clancy B, Finlay BL, Darlington RB, Anand KJ, 2007. Extrapolating brain development from
experimental species to humans. Neurotoxicology. 28, 931-7. [PubMed: 17368774]

Colmorten KB, Nexoe AB, Sorensen GL, 2019. The Dual Role of Surfactant Protein-D in Vascular
Inflammation and Development of Cardiovascular Disease. Front Immunol. 10, 2264. [PubMed:
31616435]

Dammann O, Leviton A, 1997. Maternal intrauterine infection, cytokines, and brain damage in the
preterm newborn. Pediatr Res. 42, 1-8. [PubMed: 9212029]

Danielski LG, Giustina AD, Badawy M, Barichello T, Quevedo J, Dal-Pizzol F, Petronilho F, 2018.
Brain Barrier Breakdown as a Cause and Consequence of Neuroinflammation in Sepsis. Mol
Neurobiol. 55, 1045-1053. [PubMed: 28092082]

Depicolzuane L, Phelps DS, Floros J, 2021. Surfactant Protein-A Function: Knowledge Gained From
SP-A Knockout Mice. Front Pediatr. 9, 799693. [PubMed: 35071140]

Dobbing J, Sands J, 1979. Comparative aspects of the brain growth spurt. Early Hum Dev. 3, 79-83.
[PubMed: 118862]

Erdei J, Toth A, Nagy A, Nyakundi BB, Fejes Z, Nagy B Jr., Novak L, Bognar L, Balogh E, Paragh
G, Kappelmayer J, Bacsi A, Jeney V, 2020. The Role of Hemoglobin Oxidation Products in
Triggering Inflammatory Response Upon Intraventricular Hemorrhage in Premature Infants. Front
Immunol. 11, 228. [PubMed: 32210955]

Ferretti A, Fortwendel JR, Gebb SA, Barrington RA, 2016. Autoantibody-Mediated Pulmonary
Alveolar Proteinosis in Rasgrpl-Deficient Mice. J Immunol. 197, 470-9. [PubMed: 27279372]

Fleiss B, Van Steenwinckel J, Bokobza C, | KS, Ross-Munro E, Gressens P, 2021. Microglia-Mediated
Neurodegeneration in Perinatal Brain Injuries. Biomolecules. 11.

Gabellec MM, Griffais R, Fillion G, Haour F, 1995. Expression of interleukin 1 alpha, interleukin
1 beta and interleukin 1 receptor antagonist mMRNA in mouse brain: regulation by bacterial
lipopolysaccharide (LPS) treatment. Brain Res Mol Brain Res. 31, 122-30. [PubMed: 7476020]

Galic MA, Riazi K, Pittman QJ, 2012. Cytokines and brain excitability. Front Neuroendocrinol. 33,
116-25. [PubMed: 22214786]

Gao Z, Wang J, Thiex R, Rogove AD, Heppner FL, Tsirka SE, 2008. Microglial activation and
intracerebral hemorrhage. Acta Neurochir Suppl. 105, 51-3. [PubMed: 19066082]

Brain Res. Author manuscript; available in PMC 2024 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crocker et al.

Page 13

Goulding DS, Vogel RC, Gensel JC, Morganti JM, Stromberg AJ, Miller BA, 2020. Acute brain
inflammation, white matter oxidative stress, and myelin deficiency in a model of neonatal
intraventricular hemorrhage. J Neurosurg Pediatr. 26, 613-623. [PubMed: 32858507]

Heida JG, Boisse L, Pittman QJ, 2004. Lipopolysaccharide-induced febrile convulsions in the rat:
short-term sequelae. Epilepsia. 45, 1317-29. [PubMed: 15509232]

Henning LN, Azad AK, Parsa KV, Crowther JE, Tridandapani S, Schlesinger LS, 2008. Pulmonary
surfactant protein A regulates TLR expression and activity in human macrophages. J Immunol.
180, 7847-58. [PubMed: 18523248]

Herbein JF, Wright JR, 2001. Enhanced clearance of surfactant protein D during LPS-induced acute
inflammation in rat lung. Am J Physiol Lung Cell Mol Physiol. 281, L268-77. [PubMed:
11404270]

ladecola C, Anrather J, 2011. The immunology of stroke: from mechanisms to translation. Nat Med.
17, 796-808. [PubMed: 21738161]

lkegami M, Korfhagen TR, Bruno MD, Whitsett JA, Jobe AH, 1997. Surfactant metabolism in
surfactant protein A-deficient mice. Am J Physiol. 272, L479-85. [PubMed: 9124605]

Jones KA, Maltby S, Plank MW, Kluge M, Nilsson M, Foster PS, Walker FR, 2018. Peripheral
immune cells infiltrate into sites of secondary neurodegeneration after ischemic stroke. Brain
Behav Immun. 67, 299-307. [PubMed: 28911981]

Kielian T, 2006. Toll-like receptors in central nervous system glial inflammation and homeostasis. J
Neurosci Res. 83, 711-30. [PubMed: 16541438]

Kishore U, Strong P, Perdikoulis MV, Reid KB, 2001. A recombinant homotrimer, composed of the
alpha helical neck region of human surfactant protein D and C1q B chain globular domain, is an
inhibitor of the classical complement pathway. J Immunol. 166, 559-65. [PubMed: 11123337]

Kishore U, Greenhough TJ, Waters P, Shrive AK, Ghai R, Kamran MF, Bernal AL, Reid KB, Madan
T, Chakraborty T, 2006. Surfactant proteins SP-A and SP-D: structure, function and receptors. Mol
Immunol. 43, 1293-315. [PubMed: 16213021]

Kumral A, Iscan B, Engur D, Tuzun F, Ozbal S, Ergur BU, Kaynak Turkmen M, Duman N, Ozkan
H, 2017. Intranasal surfactant protein D as neuroprotective rescue in a neonatal rat model of
periventricular leukomalacia. J Matern Fetal Neonatal Med. 30, 446-451. [PubMed: 27109442]

Lambertsen KL, Ostergaard K, Clausen BH, Hansen S, Stenvang J, Thorsen SB, Meldgaard M,
Kristensen BW, Hansen PB, Sorensen GL, Finsen B, 2014. No effect of ablation of surfactant
protein-D on acute cerebral infarction in mice. J Neuroinflammation. 11, 123. [PubMed:
25038795]

Li B, Dasgupta C, Huang L, Meng X, Zhang L, 2020. MiRNA-210 induces microglial activation and
regulates microglia-mediated neuroinflammation in neonatal hypoxic-ischemic encephalopathy.
Cell Mol Immunol. 17, 976-991. [PubMed: 31300734]

Li G, Siddiqui J, Hendry M, Akiyama J, Edmondson J, Brown C, Allen L, Levitt S, Poulain F,
Hawgood S, 2002. Surfactant protein-A--deficient mice display an exaggerated early inflammatory
response to a beta-resistant strain of influenza A virus. Am J Respir Cell Mol Biol. 26, 277-82.
[PubMed: 11867335]

Liu L, Aron CZ, Grable CM, Robles A, Liu X, Liu Y, Fatheree NY, Rhoads JM, Alcorn JL, 2021.
Surfactant protein A reduces TLR4 and inflammatory cytokine mRNA levels in neonatal mouse
ileum. Sci Rep. 11, 2593. [PubMed: 33510368]

Liu XH, Kwon D, Schielke GP, Yang GY, Silverstein FS, Barks JD, 1999. Mice deficient in
interleukin-1 converting enzyme are resistant to neonatal hypoxic-ischemic brain damage. J Cereb
Blood Flow Metab. 19, 1099-108. [PubMed: 10532634]

Liu Z, Shi Q, Liu J, Abdel-Razek O, Xu Y, Cooney RN, Wang G, 2015. Innate Immune Molecule
Surfactant Protein D Attenuates Sepsis-induced Acute Pancreatic Injury through Modulating
Apoptosis and NF-kappaB-mediated Inflammation. Sci Rep. 5, 17798. [PubMed: 26634656]

Livak KJ, Schmittgen TD, 2001. Analysis of relative gene expression data using real-time quantitative
PCR and the 2(-Delta Delta C(T)) Method. Methods. 25, 402-8. [PubMed: 11846609]

Luo JM, Wan YS, Liu ZQ, Wang GR, Floros J, Zhou HH, 2004. Regularity of distribution of
immunoreactive pulmonary surfactant protein A in rat tissues. Int J Mol Med. 14, 343-51.
[PubMed: 15289884]

Brain Res. Author manuscript; available in PMC 2024 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crocker et al.

Page 14

Madsen J, Kliem A, Tornoe I, Skjodt K, Koch C, Holmskov U, 2000. Localization of lung surfactant
protein D on mucosal surfaces in human tissues. J Immunol. 164, 5866—70. [PubMed: 10820266]

Marret S, Mukendi R, Gadisseux JF, Gressens P, Evrard P, 1995. Effect of ibotenate on brain
development: an excitotoxic mouse model of microgyria and posthypoxic-like lesions. J
Neuropathol Exp Neurol. 54, 358-70. [PubMed: 7745435]

McAdams RM, Juul SE, 2012. The role of cytokines and inflammatory cells in perinatal brain injury.
Neurol Res Int. 2012, 561494. [PubMed: 22530124]

Mikerov AN, Gan X, Umstead TM, Miller L, Chinchilli VM, Phelps DS, Floros J, 2008. Sex
differences in the impact of ozone on survival and alveolar macrophage function of mice after
Klebsiella pneumoniae infection. Respir Res. 9, 24. [PubMed: 18307797]

Mikerov AN, Hu S, Durrani F, Gan X, Wang G, Umstead TM, Phelps DS, Floros J, 2012. Impact of
sex and ozone exposure on the course of pneumonia in wild type and SP-A (=/-) mice. Microb
Pathog. 52, 239-49. [PubMed: 22285567]

Montalbano AP, Hawgood S, Mendelson CR, 2013. Mice deficient in surfactant protein A (SP-A)
and SP-D or in TLR2 manifest delayed parturition and decreased expression of inflammatory and
contractile genes. Endocrinology. 154, 483-98. [PubMed: 23183169]

Nayak A, Dodagatta-Marri E, Tsolaki AG, Kishore U, 2012. An Insight into the Diverse Roles of
Surfactant Proteins, SP-A and SP-D in Innate and Adaptive Immunity. Front Immunol. 3, 131.
[PubMed: 22701116]

Nesin M, Cunningham-Rundles S, 2000. Cytokines and neonates. Am J Perinatol. 17, 393-404.
[PubMed: 11142389]

Nexoe AB, Pilecki B, Von Huth S, Hushy S, Pedersen AA, Detlefsen S, Marcussen N, Moeller JB,
Holmskov U, Sorensen GL, 2019. Colonic Epithelial Surfactant Protein D Expression Correlates
with Inflammation in Clinical Colonic Inflammatory Bowel Disease. Inflamm Bowel Dis. 25,
1349-1356. [PubMed: 30753482]

Opp MR, Smith EM, Hughes TK Jr., 1995. Interleukin-10 (cytokine synthesis inhibitory factor) acts
in the central nervous system of rats to reduce sleep. J Neuroimmunol. 60, 165-8. [PubMed:
7642744]

Ouchi N, Kihara S, Arita Y, Nishida M, Matsuyama A, Okamoto Y, Ishigami M, Kuriyama H, Kishida
K, Nishizawa H, Hotta K, Muraguchi M, Ohmoto Y, Yamashita S, Funahashi T, Matsuzawa Y,
2001. Adipocyte-derived plasma protein, adiponectin, suppresses lipid accumulation and class A
scavenger receptor expression in human monocyte-derived macrophages. Circulation. 103, 1057—
63. [PubMed: 11222466]

Patel AR, Ritzel R, McCullough LD, Liu F, 2013. Microglia and ischemic stroke: a double-edged
sword. Int J Physiol Pathophysiol Pharmacol. 5, 73-90. [PubMed: 23750306]

Pitossi F, del Rey A, Kabiersch A, Besedovsky H, 1997. Induction of cytokine transcripts in the central
nervous system and pituitary following peripheral administration of endotoxin to mice. J Neurosci
Res. 48, 287-98. [PubMed: 9169855]

Quintanilla HD, Liu Y, Fatheree NY, Atkins CL, Hashmi SS, Floros J, McCormack FX, Rhoads JM,
Alcorn JL, 2015. Oral administration of surfactant protein-a reduces pathology in an experimental
model of necrotizing enterocolitis. J Pediatr Gastroenterol Nutr. 60, 613-20. [PubMed: 25539191]

Rice JE 3rd, Vannucci RC, Brierley JB, 1981. The influence of immaturity on hypoxic-ischemic brain
damage in the rat. Ann Neurol. 9, 131-41. [PubMed: 7235629]

Romijn HJ, Hofman MA, Gramsbergen A, 1991. At what age is the developing cerebral cortex of the
rat comparable to that of the full-term newborn human baby? Early Hum Dev. 26, 61-7. [PubMed:
1914989]

Rothwell NJ, Hopkins SJ, 1995. Cytokines and the nervous system Il: Actions and mechanisms of
action. Trends Neurosci. 18, 130-6. [PubMed: 7754524]

Saka R, Wakimoto T, Nishiumi F, Sasaki T, Nose S, Fukuzawa M, Oue T, Yanagihara I, Okuyama
H, 2016. Surfactant protein-D attenuates the lipopolysaccharide-induced inflammation in human
intestinal cells overexpressing toll-like receptor 4. Pediatr Surg Int. 32, 59-63. [PubMed:
26510735]

Sales KU, Friis S, Konkel JE, Godiksen S, Hatakeyama M, Hansen KK, Rogatto SR, Szabo R, Vogel
LK, Chen W, Gutkind JS, Bugge TH, 2015. Non-hematopoietic PAR-2 is essential for matriptase-

Brain Res. Author manuscript; available in PMC 2024 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crocker et al.

Page 15

driven pre-malignant progression and potentiation of ras-mediated squamous cell carcinogenesis.
Oncogene. 34, 346-56. [PubMed: 24469043]

Salminen A, Paananen R, Vuolteenaho R, Metsola J, Ojaniemi M, Autio-Harmainen H, Hallman M,
2008. Maternal endotoxin-induced preterm birth in mice: fetal responses in toll-like receptors,
collectins, and cytokines. Pediatr Res. 63, 280—6. [PubMed: 18287966]

Sato M, Sano H, lwaki D, Kudo K, Konishi M, Takahashi H, Takahashi T, Imaizumi H, Asai Y, Kuroki
Y, 2003. Direct binding of Toll-like receptor 2 to zymosan, and zymosan-induced NF-kappa B
activation and TNF-alpha secretion are down-regulated by lung collectin surfactant protein A. J
Immunol. 171, 417-25. [PubMed: 12817025]

Sawada M, Suzumura A, Marunouchi T, 1995. Cytokine network in the central nervous system and
its roles in growth and differentiation of glial and neuronal cells. Int J Dev Neurosci. 13, 253-64.
[PubMed: 7572279]

Schmittgen TD, Livak KJ, 2008. Analyzing real-time PCR data by the comparative C(T) method. Nat
Protoc. 3, 1101-8. [PubMed: 18546601]

Schob S, Schicht M, Sel S, Stiller D, Kekule AS, Paulsen F, Maronde E, Brauer L, 2013. The detection
of surfactant proteins A, B, C and D in the human brain and their regulation in cerebral infarction,
autoimmune conditions and infections of the CNS. PLoS One. 8, €74412. [PubMed: 24098648]

Schob S, Lobsien D, Friedrich B, Bernhard MK, Gebauer C, Dieckow J, Gawlitza M, Pirlich M, Saur
D, Brauer L, Bechmann I, Hoffmann KT, Mahr CV, Nestler U, Preuss M, 2016. The Cerebral
Surfactant System and Its Alteration in Hydrocephalic Conditions. PLoS One. 11, e0160680.
[PubMed: 27656877]

Schob S, Dieckow J, Fehrenbach M, Peukert N, Weiss A, Kluth D, Thome U, Quaschling U, Lacher
M, Preuss M, 2017. Occurrence and colocalization of surfactant proteins A, B, C and D in the
developing and adult rat brain. Ann Anat. 210, 121-127. [PubMed: 27838560]

Serdar M, Kempe K, Herrmann R, Picard D, Remke M, Herz J, Bendix I, Felderhoff-Muser U, Sabir
H, 2020. Involvement of CXCL1/CXCR2 During Microglia Activation Following Inflammation-
Sensitized Hypoxic-Ischemic Brain Injury in Neonatal Rats. Front Neurol. 11, 540878. [PubMed:
33123073]

Snyder GD, Oberley-Deegan RE, Goss KL, Romig-Martin SA, Stoll LL, Snyder JM, Weintraub NL,
2008. Surfactant protein D is expressed and modulates inflammatory responses in human coronary
artery smooth muscle cells. Am J Physiol Heart Circ Physiol. 294, H2053-9. [PubMed: 18359891]

Sorensen GL, 2018. Surfactant Protein D in Respiratory and Non-Respiratory Diseases. Front Med
(Lausanne). 5, 18. [PubMed: 29473039]

Stahlman MT, Gray ME, Hull WM, Whitsett JA, 2002. Immunolocalization of surfactant protein-D
(SP-D) in human fetal, newborn, and adult tissues. J Histochem Cytochem. 50, 651-60. [PubMed:
11967276]

Stewart RK, Dangi A, Huang C, Murase N, Kimura S, Stolz DB, Wilson GC, Lentsch AB,

Gandhi CR, 2014. A novel mouse model of depletion of stellate cells clarifies their role in
ischemia/reperfusion- and endotoxin-induced acute liver injury. J Hepatol. 60, 298-305. [PubMed:
24060854]

Taylor RA, Sansing LH, 2013. Microglial responses after ischemic stroke and intracerebral
hemorrhage. Clin Dev Immunol. 2013, 746068. [PubMed: 24223607]

Tian S, Li C, Ran R, Chen SY, 2017. Surfactant protein A deficiency exacerbates renal interstitial
fibrosis following obstructive injury in mice. Biochim Biophys Acta Mol Basis Dis. 1863, 509—
517. [PubMed: 27916681]

Tratwal J, Follin B, Ekblond A, Kastrup J, Haack-Sorensen M, 2014. Identification of a common
reference gene pair for gPCR in human mesenchymal stromal cells from different tissue sources
treated with VEGF. BMC Mol Biol. 15, 11. [PubMed: 24885696]

Vieira F, Kung JW, Bhatti F, 2017. Structure, genetics and function of the pulmonary associated
surfactant proteins A and D: The extra-pulmonary role of these C type lectins. Ann Anat. 211,
184-201. [PubMed: 28351530]

Wang J, Tsirka SE, 2005. Contribution of extracellular proteolysis and microglia to intracerebral
hemorrhage. Neurocrit Care. 3, 77-85. [PubMed: 16159103]

Brain Res. Author manuscript; available in PMC 2024 May 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Crocker et al.

Page 16

Wang J, Dore S, 2007. Inflammation after intracerebral hemorrhage. J Cereb Blood Flow Metab. 27,
894-908. [PubMed: 17033693]

Willis EF, MacDonald KPA, Nguyen QH, Garrido AL, Gillespie ER, Harley SBR, Bartlett PF,
Schroder WA, Yates AG, Anthony DC, Rose-John S, Ruitenberg MJ, Vukovic J, 2020.
Repopulating Microglia Promote Brain Repair in an IL-6-Dependent Manner. Cell. 180, 833-846
el6. [PubMed: 32142677]

Wilson JX, Young GB, 2003. Progress in clinical neurosciences: sepsis-associated encephalopathy:
evolving concepts. Can J Neurol Sci. 30, 98-105. [PubMed: 12774948]

Wright JR, 2005. Immunoregulatory functions of surfactant proteins. Nat Rev Immunol. 5, 58-68.
[PubMed: 15630429]

Yang X, Yan J, Feng J, 2017. Surfactant protein A is expressed in the central nervous system of
rats with experimental autoimmune encephalomyelitis, and suppresses inflammation in human
astrocytes and microglia. Mol Med Rep. 15, 3555-3565. [PubMed: 28393255]

Zhou Y, Wang Y, Wang J, Anne Stetler R, Yang QW, 2014. Inflammation in intracerebral hemorrhage:
from mechanisms to clinical translation. Prog Neurobiol. 115, 25-44. [PubMed: 24291544]

Brain Res. Author manuscript; available in PMC 2024 May 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Crocker et al.

Page 17

Surfactant protein A (SP-A) impacts immunomodulation in extra-pulmonary tissues
The presence of SP-A has been reported in brain tissue of adult mice
Prematurity predisposes infants to neuroinflammation via multiple mechanisms

Neonatal mice deficient in SP-A have increased expression of cytokines in brain tissue
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Figure 1. Cytokine mRNA expression in brains of WT and SP-A~"" mice subjected to systemic
inflammation.

A. Neonatal mice (P7) were subjected to a model of LPS-induced systemic inflammation
(image created with BioRender.com). After 24 h, mMRNA was isolated from brain tissue and
analyzed as described in Methods. Shown are levels of cytokine mRNA expression relative
to levels in WT mice not exposed to LPS (set as 1); B. IL-1p mRNA relative expression, C.
IL-6 mRNA relative expression, D. CXCL1 mRNA relative expression, E. TNF-a mRNA
relative expression, F. IL-10 mRNA relative expression. Data shown represents the average
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+/- SD; n = 6 of 3 independent experiments. Significance (p) between samples are indicated
by the bars. 1 indicates p-value after Box-Cox transformation was reported.
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Figure 2. Cytokine mMRNA expression in brains of WT and SP-A™" mice subjected to an IVH
model.

A. Neonatal mice (P7) were subjected to a model of IVH-induced localized inflammation
(image created with BioRender.com). After 24 h, mMRNA was isolated from brain tissue and
analyzed as described in Methods. Shown are levels of cytokine mRNA expression relative
to levels in WT mice not exposed to LPS (set as 1); B. IL-1p mRNA relative expression, C.
IL-6 mRNA relative expression, D. CXCL1 mRNA relative expression, E. TNF-a mRNA
relative expression, F. IL-10 mRNA relative expression. Data shown represents the average
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+/- SD; n = 6 of 3 independent experiments. Significance (p) between samples are indicated
by the bars. 1 indicates p-value after Box-Cox transformation was reported.
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Figure 3. Cytokine mMRNA expression in brains of WT and SP-A™" mice subjected to an HIE

model.

A. Neonatal mice (P8-10) were subjected to a model of HIE-induced localized inflammation
(image created with BioRender.com). After 24 h, mMRNA was isolated from brain tissue and
analyzed as described in Methods. Shown are levels of cytokine mRNA expression relative
to levels in WT mice not exposed to LPS (set as 1); B. IL-1p mRNA relative expression, C.
IL-6 mRNA relative expression, D. CXCL1 mRNA relative expression, E. TNF-a mRNA
relative expression, F. IL-10 mRNA relative expression. Data shown represents the average
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+/- SD; n = 3 of 3 independent experiments. Significance (p) between samples are indicated
by the bars. 1 indicates p-value after Box-Cox transformation was reported.
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Figure 4. Detection of mouse SP-A mRNA in WT and SpP-A7- lung and brain tissue.
A. RNA was isolated from lung and brain tissue from 6 week-old WT and SP-A™/~

mice. RNA was subjected to reverse transcription and the resulting cDNA subjected to

50 cycles of PCR using primers specific for mouse SP-A. Lung RNA samples were also
subjected to PCR analysis without the reverse transcription step to serve as a true negative
control. Shown is an image of the ethidium bromide-stained DNA following standard gel
electrophoresis. The arrow indicates the expected position of the SP-A amplicon, * indicates
unexpected spurious bands. B. Image represents a continuation of image in A in which brain
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RNA samples were also subjected to PCR analysis without the reverse transcription step to
serve as a true negative control. Shown is an image of the ethidium bromide-stained DNA
following standard gel electrophoresis. The arrow indicates the expected position of the -
actin amplicon, * indicates unexpected spurious bands. Also included are RT-PCR reactions
using B-actin primers as a positive control. C. Analysis of neonatal (P7-P10) WT brain
tissue for expression of SP-A mRNA after being subjected to inflammatory models. Brain
tissue RNA isolated from 4 or 5 WT pups subjected to the neuroinflammatory models was
analyzed by RT-PCR as described above using primers specific for SPA-1 mRNA. Shown
is an image of the ethidium bromide-stained DNA following standard gel electrophoresis.
RT-PCR analysis of RNA isolated from a WT lung sample is included as a positive control.
[B-actin positive control not shown.
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Table 1.

Sequence of primers used in real-time quantitative RT-PCR analysis.
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Target Gene Forward Primer Reverse Primer Amplicon Size Ref

IL-18 5’-GCCACCTTTTGACAGTGATGAG | 5-AAGGTCCACGGGAAAGACAC 218 bp (Caietal., 2017)
IL-6 5’-TAGTCCTTCCTACCCCAATTTCC | 5°-TTGGTCCTTAGCCACTCCTTC 75 bp (Willis et al., 2020)
CXCL1 5’-CTGCACCCAAACCGAAGTC 5’-AGCTTCAGGGTCAAGGCAAG 66 bp (Stewart et al., 2014)
TNF-a 5’-CAGCCTCTTCTCATTCCTGC 5’-GGTCTGGGCCATAGAACTGA 132 bp (Sales et al., 2015)
IL-10 5’-GCTCTTACTGACTGGCATGAG 5’-CGCAGCTCTAGGAAGCATGTG 104 bp (Ouchi et al., 2001)
SP-A 5’-GTGCACCTGGAGAACATGGA 5’-TGACTGCCCATTGGTGGAAA 177 bp (Ferretti et al., 2016)
B-actin 5’-CATGTACGTTGCTATCCA 5’-CTCCTTAATGTCACGCAC 249 bp (Akiyama et al., 2016)
18S 5’-GTAACCCGTTGAACCCCATT 5’-CCATCCAATCGGTAGTAGCG 150 bp (Tratwal et al., 2014)
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