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Abstract

BACKGROUND: Fibroblast growth factor 21 (FGF21) is a neuroprotectant with cognitive
enhancing effects but with poorly characterized mechanism(s) of action, particularly in females.
Prior studies suggest that FGF21 may regulate cold-shock proteins (CSPs) and CA2-marker
proteins in the hippocampus but empirical evidence is lacking.

METHODS: We assessed in hormothermic postnatal day (PND) 10 female mice, if hypoxic-
ischemic (HI) brain injury (25mins 8% O, /92% N) altered endogenous levels of FGF21 in
serum or in the hippocampus, or its receptor B-Klotho. We also tested if systemic administration
of FGF21 (1.5 mg/kg) modulated hippocampal CSPs or CA2 proteins. Finally, we measured if
FGF21 therapy altered markers of acute hippocampal injury.

RESULTS: HI increased endogenous serum FGF21 (24h), hippocampal tissue FGF21 (4d), and
decreased hippocampal B-Klotho levels (4d). Exogenous FGF21 therapy modulated hippocampal
CSP levels, and dynamically altered hippocampal CA2 marker expression (24h and 4d). Finally,
FGF21 ameliorated neuronal damage markers at 24h but did not affect GFAP (astrogliosis) or Ibal
(microgliosis) levels at 4d.

CONCLUSIONS: FGF21 therapy modulates CSP and CAZ2 protein levels in the injured
hippocampus. These proteins serve different biological functions, but our findings suggest that
FGF21 administration modulates them in a homeostatic manner after HI.
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Introduction

Neonatal encephalopathy (NE) is a leading cause of death and disability in newborns?.
Hypoxia-ischemia (HI) is a major etiology of NE2. Often the hippocampus is

damaged in newborns with perinatal asphyxia (PA) and contributes to cognitive
impairment®6. Additional therapies are desperately needed to improve neurologic outcomes
in normothermic patients, or to enhance the benefit in newborns that qualify for therapeutic
hypothermia (HI1)78.

Treatment with fibroblast growth factor 21 (FGF21), a hormone induced by prolonged cold
exposure, decreased hippocampal damage and improved long-term cognitive recovery in
normothermic postnatal day (PND) 7 rats in the Rice-Vannucci (RV) model of newborn
HI°10, We reported that hippocampal-localized FGF21 receptor mechanisms (i.e., B-klotho)
are expressed only in newborns, which is distinct from B-klotho receptors in the periphery
found throughout lifel1-14, In developing neurons FGF21 is known to regulate a few kinases
including AKT, ERK, and GSK-3p, but other proteins may be targeted as well®15,

We reviewed the literature for clues on novel targets that could be regulated by FGF21 and
that led us to prioritize 2 promising signaling pathways to assess in FGF21 treated neonatal
mice. The first was the “cold-shock protein (CSP) pathway” - a group of proteins that can

be increased by prolonged hypothermia and that promote hippocampal survival and function
by targeting the CA116, CA317, and DG8. Two studies supported a link between FGF21 and
CSP induction. One observed that FGF21 augmented the levels of the neuroprotective CSP
RNA-binding motif 3(RBM3) in immature neurons, and the other inferred that peripheral
FGF21 and RBM3 levels are co-regulated in stroke patients1®20, FGF21 is also induced by
cold, and is thus, poised to regulate CSPs20. It has not been tested if FGF21 modulates cold-
induced RNA-binding protein (CIRBP) or the CSP reticulon-3 (RTN3). The second pathway
we prioritized was the “CA2 marker protein pathway” that includes a group of specialized
proteins uniquely abundant in the CA2 hippocampal subregion and which modulate CA2
neuronal survival and function?. A single study supported a link between FGF21 and the
CAZ2. Specifically, chronically elevated FGF21 levels in mice uniquely increased metabolic
activity in the CA2 subregion of the brain22. Coincidently, CA2 neurons are also highly
sensitive to damage in the RV model?3. Thus, modulating CSP and CA2 protein levels may
have synergistic benefits on hippocampal health by targeting different subregions including
the CAl, CA2, CA3, and the DG.

Here we characterized endogenous levels of serum FGF21, and hippocampal FGF21, B-
klotho, and CSPs (RBM3/CIRBP/RTN3) at 1-, 4-, and 8-days post-injury in normothermic
female PND10 mice. We used females to build on prior male-only studies in which we
initially characterized hippocampal CSP changes in our temperature-controlled RV model.
We next tested if exogenous FGF21 therapy (1.5 mg/kg): (1) counteracted the effect of HI

to decrease hippocampal CSP levels at 24h- and 4d-post-injury, (2) altered hippocampal
CA2 markers including regulator of G-protein signaling 14 (RGS14), Purkinje cell protein 4
(PCP4/PEP19), and N-terminal EF-hand calcium binding protein 2(NECAB?2), and (3) was
associated with a decrease in markers of acute tissue injury.
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Materials & Methods

Animals.

Additional details on the reagents and protocols are provided in the Supplementary Methods.
An abbreviations table is also provided in the supplementary (Supplementary Table 1).

HI studies were approved by the IACUC of the University of Pittsburgh and performed
at the Safar Center for Resuscitation Research. Tissues were analyzed at the University of
South Florida.

HI Injury Model.

A detailed description of our HI model was reported?3. Isoflurane anesthetized PND 10 pups
(3% induction and 1.5-3% maintenance in a 2:1 mixture of N,O/O,) were weighed and core
temperature was monitored during surgery (sham or occlusion) via a neonatal rectal probe
(Physitemp). Body temperature (T},) was maintained to ~36°C, which is the normothermic
cage-nesting temperature of naive PND10 pups in our setup23. Post-surgical temperature
was measured with an infra-red pediatric thermometer (IRT) (Braun Healthcare US). The
accuracy of the IRT relative to rectal temperature was previously validated in PND10
mice?3. The right common carotid artery (CCA) was accessed, ligated, and cut. The incision
was closed with 3M Vetbond Tissue Adhesive (Maplewood) and Bupivacaine (0.25%)
applied to the wound. Mice advanced in blocks of four23. A second technician working in
tandem maintained pup temperatures to ~36°C during the post-surgical phase. The four-pup
block was then returned to the foster dam for 1h. Pups were placed inside an acrylic hypoxia
chamber glove box (Coy; Grass Lake, MI) and subjected to 25 min hypoxia (8% O, / 92%
N»). T, was monitored via IRT during hypoxia and maintained to ~36°C. Shams received
surgical procedures without CCA ligation and were placed inside the chamber for 25 min

at normoxia (21% O, /79% N,). After hypoxia or normoxia, T, was managed to ~36°C

in room air for 2h:5mins on a benchtop with lamps and heating blankets, and temperature
recorded every 15 mins. In neuroprotection studies, pups were randomized to sham/HI and
given subcutaneous (SQ) injections of vehicle (0.1% bovine serum albumin in PBS) or
1.5mg/kg mouse-protein recombinant FGF21 (R&D Systems/Biotechne; Minneapolis, MN)
5-min post-HI and returned to dams until weaning or euthanasia. Blinding was not done for
cell signaling studies. For the 4d endpoint studies, additional doses were administered SQ in
24h intervals (i.e., 4 doses in total for 4d studies). Cages were supplemented with multiple
types of bedding (e.g., Enviro-dri®) to promote high-quality nest construction and decrease
thermal stress from standard housing conditions?3.

Neuronal SHSY5Y Cell Culture.

Cell culture studies were approved by the Institutional Biosafety Committee of the
University of South Florida. Human neuronal SHSY5Y cells were obtained from ATCC
(Manassas, VA), cultured as we reported, and used for experiments at P624,
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Western Blot.

We used our standard protocol®2. In brief, brain tissues were homogenized by sonication

in inhibitors-supplemented RIPA buffer to generate total protein extracts and analyzed on
SDS-PAGE.

ELISA Assay.

Serum was obtained by cardiac puncture at euthanasia. Serum was available from 5/8
PND11 sham pups and 7/8 PND11 HI-injured pups. In older pups, serum samples were
available for all sham/HI pups (8/8) at the 4d and 8d post-injury timepoints. The 44 samples
in total were then diluted 1:4 or 1:9 and assayed (in duplicate) on a Mouse/Rat FGF21
ELISA Kit (ProteinTech, Cat# KE10042). Concentrations were calculated based on a linear
standard curve (in triplicate) and multiplied by a dilution factor of 5 or 10, respectively. Two
of 44 samples had values outside the standard curve range (1-1,000 pg/mL). One sample

in the 8d HI group had a value below the limit of detection and was recorded as zero for
statistics. The other had an extrapolated value of 1,070 pg/mg FGF21. The R-squared of the
FGF21 standard curve in each ELISA test was 0.998 and 0.992.

Statistical Analysis.

Results

Western blot densitometry of total protein stain (TPS) and individual targets were measured
with UN-SCAN-IT software (Silk Scientific). For each blot, we divided TPS normalized
densitometric values by the largest normalized intrablot value to distribute the results on a
0-1 scale to express the data as the “relative difference” for between group comparisons.
Data on individual targets from multiple blots were combined and normality assessed

using the Kolmogorov-Smirnov test. If passed, a standard parametric factorial ANOVA or
2-Way-ANOVA was used. If failed, a Kruskal-Wallis was applied for factorial ANOVA.
For non-parametric multifactorial data, the data were transformed using the Aligned Rank
Transformation (ART) tool25. The ranked data were then analyzed by standard factorial
ANOVA or unpaired t-test for each individual factor (i.e., age, injury, interaction term)

to obtain omnibus p-values. For pairwise comparisons, a fourth ranking was done using

the recently developed ART-Contrasts (ART-C) algorithm26, which does not inflate Type

| error rates on post-hoc testing. Tukey’s multiple comparison was used for post-hoc
significance tests in parametric ANOVAs. Dunn’s multiple comparison was used for post-
hoc significance tests with non-parametric Kruskal-Wallis ANOVA. The vehicle-HI group
was established as the control for pairwise comparisons in FGF21 therapy studies. Data were
significant at p<0.05 and graphed using GraphPad Prism.

There was a significant age and injury interaction in serum FGF21, detected on post-hoc as a
trend (p=0.06) for increased levels at 24h-post-injury (Fig. 1A). There was also a significant
age and injury interaction for hippocampal FGF21 tissue levels. On post-hoc, hippocampal
FGF21 levels increased at 4d-post-injury, and had an age-dependent increase from PND -14
vs. —18 in shams (Fig. 1B and 1C, and Supplementary Fig. 1). Transmembrane B-klotho

is a ~120 kDa protein in mice and we detected a single ~120 kDa band in PND10 mouse
brain membrane-enriched extracts (Fig. 1D). Hippocampal p-Klotho levels had an age and
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injury interaction, detected on post-hoc as a decrease at 4d-post-injury and an age-dependent
increase from PND -11 vs. —14 in shams (Fig. 1E and 1F, and Supplementary Fig. 2).

We previously assessed RBM3, CIRBP, and RTN3 levels in the hippocampus, cortex, and
thalamus, in normothermic PND10 male shams vs. Hl-injured pups23. It was necessary here
to use different Lot #s of the RBM3 and RTN3 antibodies. All 3 antibodies identified a
dominant band at the correct molecular weight in human neuronal SHSY5Y cells subjected
to 48h cooling (Fig. 2A—E and Supplementary Fig. 3). Each CSP displayed different
sensitivities to cold induction on 2 clinically relevant depths of hypothermia (i.e., 33°C

and 30°C vs. 37°C).

Next, we studied if age and insult affected CSP levels in the normothermic hippocampus,
cortex, and thalamus in female pups. Hippocampal RBM3 and RTNS3 levels decreased
(Fig. 2F, 2G, and 21, Supplementary Fig. 4, and Supplementary Fig. 5), whereas CIRBP
levels increased with age (Fig. 2F and 2H, and Supplementary Fig. 6). Post-hoc analysis
detected increased RBM3 and CIRBP levels at 8d-post-injury vs. sham (Fig. 2G and

2H). Cortical RBM3 and RTN3 levels also decreased with age (Supplementary Fig. 7A-B
and 7E-F, Supplementary Fig. 8, and Supplementary Fig. 9), whereas CIRBP levels were
stable (Supplementary Fig. 7C-D, and Supplementary Fig. 10). Post-hoc analysis showed
decreased cortical RBM3 levels at 24h-post-injury and increased RTN3 levels at 8d-post-
injury (Supplementary Fig. 7B and 7F). Cortical CIRBP levels increased post-insult but
were detected only as a main effect on ANOVA (Supplementary Fig. 7C and 7D). Thalamic,
RBM3 and RTN3 levels decreased with age from PND -11 to —18 (Supplementary Fig.
11A-B and 11E-F, Supplementary Fig. 12, and Supplementary Fig. 13), whereas CIRBP
levels were stable (Supplementary Fig. 11C-D, and Supplementary Fig. 14). HI did not
affect thalamic RBM3 or CIRBP, but did alter RTN3 levels detected as a main effect on
ANOVA (Supplementary Fig. 11).

Next, we studied if FGF21 therapy altered hippocampal CSPs at 24h- and 4d- post-injury.
Hippocampal RBM3 levels decreased at 24h- and 4d- post-injury in vehicle-treated HI-
injured vs. age-matched shams but were unaffected by FGF21 treatment (Fig. 3A—C and

3F, and Supplementary Fig. 15 and 16). Hippocampal CIRBP levels decreased at 24h-post-
injury in vehicle-treated HI-injured pups vs. shams and were increased by FGF21 treatment
(Fig. 3A and 3D, and Supplementary Fig. 15). CIRBP levels were not affected by HI at
4d-post-injury but were increased by FGF21 treatment (Fig. 3B and 3G, and Supplementary
Fig. 16). Hippocampal RTN3 levels increased with HI at 24h-post-injury but were not
affected by FGF21 treatment (Fig. 3A and 3E, and Supplementary Fig. 15). HI did not affect
4d-post-injury RTN3 levels but they were increased by FGF21 treatment (Fig. 3B and 3H,
and Supplementary Fig. 16).

Next, we assessed CA2 marker proteins. Hippocampal RGS14 levels decreased after HI
at 24h-post-injury and were further decreased by FGF21 treatment (Fig. 4A and 4C, and
Supplementary Fig. 17). No between-group differences were detected at 4d-post-injury
(Fig. 4B and 4F, and Supplementary Fig. 18). Hippocampal PCP4 levels were not affected
by HI at 24h-post-injury but were increased by FGF21 treatment (Fig. 4A and 4D, and
Supplementary Fig. 17). PCP4 levels were also not affected by HI at the 4d-post-injury

Pediatr Res. Author manuscript; available in PMC 2024 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Herrmann et al.

Page 6

time point, but conversely, were decreased by FGF21 treatment (Fig. 4B and 4G, and
Supplementary Fig. 18). Hippocampal NECAB2 levels were decreased by HI at 24h-post-
injury but were not affected by FGF21 treatment (Fig. 4A and 4E, and Supplementary
Fig. 17). Conversely, NECAB2 levels were increased at 4d-post-injury but again were not
affected by FGF21 treatment (Fig. 4B and 4H, and Supplementary Fig. 18).

Finally, we measured acute cell death and gliosis markers in the hippocampus. Also, to
replicate previous studies on these targets in male pups after HI, we first assessed the age
course samples harvested from female mice at 1d-, 4d-, and 8d- postinjury. HI increased
a-lI-spectrin breakdown products, detected as a main effect on ANOVA (SBDPs; Fig.
5A-B, and Supplementary Fig. 19A, 19C, and 19D). Total poly(ADP-ribose) polymerase
(tPARP) decreased after HI at 24h- and 4d-post-injury (Fig. 5A and 5C, and Supplementary
Fig. 19B, 19E, and 19F). Glial fibrillary acidic protein (GFAP) levels were increased at 4d-
and 8d-post-injury (Fig. 5A and 5D and Supplementary Fig. 19A, 19C, and 19D). lonized
Ca*2-binding adapter protein 1 (Ibal) levels were increased at 8d-post-injury (Fig. 5A and
5E, and Supplementary Fig. 19B, 19E, and 19F).

Regarding the effect of drug therapy on these targets, SBDP levels were increased by HI

at 24h-post-injury but were not significantly affected by FGF21 treatment (Fig. 6A and

6C, and Supplementary Fig. 20). However, 1/8 hippocampi in the FGF21-treated HI group
vs. 5/8 in the vehicle-treated HI group had SBDP signals. tPARP levels were decreased

by HI and were increased by FGF21 treatment (Fig. 6A and 6D, and Supplementary Fig.
20). It was reported that 1.5mg/kg FGF21 increased posphorylated AKT (pAKT473) at
24h-post-injury in the rat hippocampus in the RV model®. Here, in the mice RV model,
1.5mg/kg FGF21 did not increase hippocampal pAKT473 at 24h post-injury (Supplementary
Fig. 20 and Supplementary Fig. 21). Finally, GFAP and Ibal levels were not affected by
FGF21 treatment (Fig. 6A, 6E, 6F, and Supplementary Fig. 20).

Discussion

The objectives of this study were (1) to test if HI in the RV model affected endogenous
FGF21 or hippocampal p-klotho tissue levels at 1-, 4-, and 8d-post-injury, (2) to replicate
time course investigations previously reported in males on CSPs after HI in female pups in
the hippocampus, cortex, and thalamus23, and (3) to test if FGF21 therapy (1.5 mg/kg, SQ)
modulated CSPs, CA2-markers, or classic tissue injury markers.

Endogenous FGF21 has not been studied in Hl-injured neonates®. Serum FGF21 increased
24h after HI in mouse pups, consistent with studies in children after cardiac arrest?’. The
source of serum FGF21 was not investigated. \We speculate that it is liver-derived because
hepatic secretion is the primary source in neonates, and because systemic hypoxia triggers
FGF21 liver secretion in adults28:29, We also observed an age-related decline in serum
FGF21 levels, whereas hippocampal tissue levels increased with age at the same time points
including in shams. That novel finding merits additional study and may relate to novel
sources of endogenous FGF21 in the brain that target the hippocampus3°. We also speculate
that the discord between elevated serum vs. stable hippocampal FGF21 levels at 24h post-
injury may be due to compromised blood flow to injured brain tissue, and more studies
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are needed to determine if targeting pharmacological levels using high dose bolus therapy
are required for neuroprotection. Nevertheless, endogenous FGF21 may be beneficial in
neonates via targeting both central and peripheral mechanisms. Consistent with that notion,
adult FGF21 KO mice with stroke had worse neurological outcomes, presumably caused
by loss of peripheral FGF21 receptor activation3!. Germane to the effect of HI on central
FGF21 receptors in neonates, we also observed decreased hippocampal p-klotho levels at
4d-post-injury.

RBM3 and RTN3 levels decreased with age from PND 11-18 in the female hippocampus,
cortex, and thalamus (in shams and injured mice), similar to our prior findings in males

in this model23. Curiously, CIRBP levels increased with age or were stable in the female
hippocampus, cortex, and thalamus. Supplementary Tables 2 and 3 highlight the similarities
and differences in the abundance of CSPs at the same time points in males vs. females (i.e.,
based on comparison to our 2022 study23). In females RBM3 levels also decreased at 24h-
post-injury in the hippocampus and cortex and were robustly increased at 8d-post-injury.
RBM3 inhibits apoptosis and hippocampal lesions are exacerbated in RBM3 KO mice after
ischemial8. The acute loss of RBM3 is consistent with known sex-dependent differences on
the mechanisms mediating cell death in females with neonatal H132.

FGF21 therapy did not increase hippocampal RBM3 levels at 24h- or 4d-post-injury, but
we detected a trend for an effect. More strikingly, FGF21 therapy increased hippocampal
CIRBP protein levels at 24h- and 4d-post-injury. Treatment also increased hippocampal
RTN3 levels at 4d-post-injury. Notably, CIRBP levels were not affected 24h-post-Hl in the
time course studies but decreased in the FGF21 treatment studies. That could be due to litter
effects, differences in insult severity, or stress effects from manipulations associated with
injections.

Our findings on the effect of FGF21 on CSPs raise additional questions. RBM3 mediates
hibernation-induced neuroprotectionl6:18. It also protects the fetal brain in utero from
hypothermia-mediated structural derangements, which explains its temporary abundance at
birth in the normothermic brain33. Similarly, CIRBP KO mice have increased hippocampal
and BBB damage in a hypothermia model of cardiopulmonary bypass3#. Finally, RTN3
promotes axonal growth and contributes to cooling-induced neuroprotection3°36, CSPs are
also linked with neuroprotection of the hippocampal CA116:37 CA317:38 and DG18.:38
subregions.

The CA2 subregion is also prone to damage in the HI model and may be a clinical target

in NE23. Thus, we also explored proteins that modulate CA2 survival and function. FGF21
concomitantly decreased hippocampal RGS14 levels and increased PCP4 levels at 24h-post-
injury. At 4d-post-injury, FGF21 did not affect RGS14 levels but decreased PCP4 levels.

It is not clear if the delayed decrease may have been produced by sustained activation of
this novel mechanism by repeat dosing. Finally, HI insult, but not FGF21, therapy affected
NECAB?2 levels.

Our findings on the effect of FGF21 on CA2 proteins also raise more questions.
We speculate that a therapeutic decrease in RGS14 levels at 24h post-HI might be
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beneficial. Overexpression of RGS14 impaired synaptic plasticity in the CA2 and worsened
performance on learning and memory tests3°. In contrast, a therapeutic increase in PCP4
levels may be beneficial. Indeed, PCP4 overexpression was neuroprotective in a model of
glutamate excitotoxicity®?. The possibility that FGF21 has homeostatic effects on multiple
beneficial pathways across multiple hippocampal subregions is an exciting new avenue of
research for future exploration.

FGF21 did not affect NECAB2 but it was consistently decreased at 24h post-injury and
increased at 4d-post-injury. That surprised us given the variability of insult produced in the
RV model (e.g., supported by variability in the levels of SBDPs, Ibal, and GFAP across
animals). Thus, NECAB2 may be a highly reproducible novel marker of brain damage in
neonatal HI but the consequences of its dysregulation need to be determined.

To infer a potential effect of FGF21 on hippocampal health we measured several classic
markers of brain damage. Increased SBDP levels (145-150 kDa) suggests necrosis*L.
FGF21 treatment resulted in fewer SBDP-positive hippocampi vs. vehicle controls (1/8 vs.
5/8). The mean difference was not statistically significant and we were underpowered to
test this outcome based on the large standard deviation for this target. Additional studies
with larger sample sizes are needed and in males to appropriately test that hypothesis.

Loss of tPARP is a signature of apoptotic neuronal death*2. FGF21 therapy prevented
tPARP degradation in HI-injured mice. Numerous proteases cleave tPARP and the enzymes
responsible in our model need to be elucidated*2. Finally, FGF21 treatment did not decrease
astrocytic GFAP or microglial Iba-1 levels 4d post-injury. The latter result does not
necessarily suggest a therapeutic limitation given that in adults FGF21-mediated astrocytic
activation contributes to neuroprotection?344, Also, the use of females here may have
limited an assessment of the effect of FGF21 on microglia given that neuroinflammation

in newborns with HI is sex-dependent and microgliosis is more robust in males#5:46,

There were study limitations. First, the group size limited our ability to detect small effects
of FGF21 therapy which may prove important (e.g., modulation of RBM3) and blinding
was not done. Second, only females were used, thus, it remains unclear if FGF21 modulates
CSPs and CA2 proteins in males*’. Third, we did not study FGF21 therapy in uninjured
pups. Fourth, FGF21 may increase “CA2 markers” in other brain regions*8 and histology is
needed to shed light on their location(s), cell type(s), and distribution. However, within the
PND11-PND14 mouse hippocampus, all three CA2 proteins are highly selective for CA2
neurons?L, Finally, we did not assess histological or neurobehavioral outcomes.

In summary, it was recently reported that FGF21 therapy improved hippocampal survival
and function in the RV model® and its neuroprotective effects are well established in other
models of brain injury as well3149:50, The molecular underpinnings are unknown. Here

we identified several novel targets - members of the CSP and CA2 protein pathways that
regulate both hippocampal survival and function16.36:37.39.40.51-55 They represent promising
new candidates for future study in ongoing efforts to define the mechanism(s) mediating
FGF21-induced neuroprotection.
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Impact

Hypoxic-Ischemic (HI) injury in female post-natal day (PND) 10 mice
decreases hippocampal RNA binding motif 3 (RBM3) levels in the
normothermic newborn brain.

HI injury in normothermic newborn female mice alters serum and
hippocampal fibroblast growth factor 21 (FGF21) levels 24h post-injury.

HI injury in normothermic newborn female mice alters hippocampal levels
of N-terminal EF-hand calcium binding protein 2 (NECABZ2) in a time-
dependent manner.

Exogenous FGF21 therapy ameliorates the HI-mediated loss of hippocampal
cold-induced RNA-binding protein (CIRBP).

Exogenous FGF21 therapy modulates hippocampal levels of CA2-marker
proteins after HI.
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Fig. 1: The Effect of HI on Endogenous FGF21 and Hippocampal p-Klotho Levels.
(A) Serum FGF21 levels in pups at 24h- (n=5/group sham and n=7/group HI), 4d- (n=8/

group sham and n=8/group HI), and 8d-post-injury (n=8/group sham and n=8/group Hl).

(B) Representative Western blot (n=4/group) of hippocampal FGF21 in shams vs. Hl-injured
pups 24h-, 4d-, and 8d-post-injury. (C) Densitometry of FGF21 (n=8/group). (D) Specificity
of B-klotho antibody to detect a ~120 kDa band in membrane-enriched protein fractions
from neonatal brain. (E) Representative Western blot (n=4/group) of hippocampal p-klotho
in shams vs. Hl-injured pups 24h-, 4d-, and 8d-post-injury. (F) Densitometry of g-klotho
(n=8/group). Images of total protein stains used to normalize protein loading are available

in the supplementary. Data were significant at p <0.05. Asterisks in graphs indicate post

hoc significance. (*) p<0.05, (**) p<0.01, (***) p<0.001, (****) p<0.0001, (N.S.) = non-
significant. Red highlighted p-values correspond to a N.S. trend on post-hoc.
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Fig. 2: Validation of CSP detecting Antibodies and the Effect of HI on Neurodevelopmental
Expression of Hippocampal CSP Proteins.

Hypothermia experiments in human neuronal SHSY5Y cells were done to validate antibody
reagent fidelity to detect CSPs. (A) Western blots (n=6/group) show RNA-binding motif 3
(RBM3), cold-inducible RNA-binding protein (CIRBP), and reticulon 3 (RTN3) levels after
48h at 37°C, 33°C, or 30°C. (B-E) Densitometry of CSPs (n=6/group). (F) Representative
Western blot (n=4/group) of hippocampal RBM3, CIRBP, and RTN3 levels in shams vs.
Hl-injured pups 24h-, 4d-, and 8d-post-injury. (G, H, & 1) Densitometry of RBM3, CIRBP,
and RTNS3 levels (n=8/group). Data were significant at p <0.05. Asterisks in graphs indicate
post hoc significance. (*) p<0.05, (**) p<0.01, (***) p<0.001, (****) p<0.0001.
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Fig 3. The Effect of FGF21 Administration in HI-Injured Pups on Hippocampal CSPs.
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Pups were administered vehicle or 1.5mg/kg FGF21 subcutaneously every 24h (maximum
4 injections) starting 5min-post-injury. (A and B) Western blot (n=8/group) of hippocampal
RBM3, CIRBP, and RTN3 levels in sham-vehicle vs. HI-vehicle vs. FGF21-treated pups
at 24h- and 4d post-injury, respectively. (C, D, E and F, G, H) Densitometry of RBM3,
CIRBP, and RTN3 levels (n=8/group) at 24h- and 4d post-injury, respectively. Data were
significant at p <0.05. Asterisks in graphs indicate post hoc significance. RNA-binding motif
3 (RBM3), cold inducible RNA-binding protein (CIRBP), reticulon 3 (RTN3). (*) p<0.05,
(**) p<0.01, (N.S.) = non-significant. Red highlighted p-value corresponds to a N.S. trend

on post-hoc.
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Fig 4. The Effect of FGF21 Administration in HI-Injured Pups on Hippocampal CA2 Marker

Proteins.

Pups were administered vehicle or 1.5mg/kg FGF21 subcutaneously every 24h (maximum 4
injections) starting 5-min post-injury. (A and B) Western blot (n=8/group) of hippocampal

RGS14, PCP4, and NECAB2 levels in sham-vehicle vs. Hl-vehicle vs. FGF21-treated

pups at 24h- and 4d post-injury, respectively. The asterisk on the NECAB2 blot denotes a
potential uncharacterized cleavage product. (C, D, E and F, G, H) Densitometry of RGS14,
PCP4, and NECAB?2 levels (n=8/group) at 24h- and 4d post-injury, respectively. Data were
significant at p <0.05. Asterisks in graphs indicate post hoc significance. (*) p<0.05, (**)
p<0.01, (***) p<0.001, (****) p<0.0001, (N.S.) = non-significant. Regulator of G-protein
signaling 14 (RGS14), purkinje cell protein 4 (PCP4), N-terminal EF-hand calcium binding

protein 2 (NECAB?2).
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Fig. 5: Acute Brain Injury Markers in Normothermic PND10 Female Mice Subjected to HI.
(A) Representative western blot of brain injury biomarkers. (B) The necrosis marker

a-lI-spectrin breakdown product (SBDP) is increased in the ipsilateral hippocampus at
24h-post-injury. (C) Total levels of poly(ADP-ribose)polymerase (PARP) are decreased at
24h- and 4d-post-injury (decreased levels suggest increased cell death). (D) The astrogliosis
marker glial fibrillary acidic protein (GFAP) is increased at 4d- and 8d-post-injury. (E)

The microgliosis marker ionized Ca+2-binding adapter protein 1 (Ibal) is increased at 4d
post-injury. Western blots are representative images (n=4/group). Graphs of densitometry
comprise n=8/group. Data were significant at p <0.05. Asterisks in graphs indicate post

hoc significance. (*) p<0.05, (**) p<0.01, (****) p<0.0001, (N.S.) = non-significant. Red
highlighted p-value correspond to a N.S. trend on post-hoc.
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Fig 6. The Effect of FGF21 Administration on Acute Brain Injury Markers.
Pups were administered vehicle or 1.5mg/kg FGF21 subcutaneously every 24h (maximum

4 injections) starting 5min-post-injury. (A) Western blot (n=8/group) of hippocampal SBDP
and total PARP at 24h-post-injury. (B) Western blot (n=8/group) of GFAP and IbAl at
4d-post injury. (C & D) Densitometry of SBDPs and total PARP at 24h-post-injury (n=8/
group). (E & F) Densitometry of GFAP and IbA1 at 4d-post-injury (n=8/group). Data were
significant at p <0.05. Asterisks in graphs indicate post hoc significance. (**) p<0.01, (***)
p<0.001, (N.S.) = non-significant. Red highlighted p-value correspond to a N.S. trend on
post-hoc.
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