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Abstract

Introduction: Intrauterine growth restriction (IUGR) from hypertensive disease of pregnancy
complicates up to 10% of all pregnancies. Significant hippocampal-dependent cognitive and
memory impairments as well as neuropsychiatric disorders have been linked to IUGR. Because
disturbance of hippocampal critical period (CPd) of synaptic plasticity leads to impairments
similar to those described in IJUGR human offspring, we hypothesized that IUGR would perturb
the CPd of synaptic plasticity in the mouse hippocampus in our model.

Methods: IUGR was produced by a micro-osmotic pump infusion of the potent vasoconstrictor
U-46619, a thromboxane Ap-agonist (TXA,), at embryonic day (E) 12.5 in C57BL/6J mouse
dams to precipitate hypertensive disease of pregnancy and IUGR. Sham-operated mice acted as
controls. At P10, P18, and P40, we assessed astrogliosis using GFAP-IHC. In dorsal CA1 and
CAZ3 subfields, we assessed the immunoreactivities (IR) (IF-IHC) to: i) parvalbumin (PV) and
glutamate decarboxylase (GAD) 65/67, involved in CPd onset; ii) PSA-NCAM, that antagonizes
CPd onset; iii) NPTX2, necessary for excitatory synapse formation and engagement of CPd;
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and iv) MBP and WFA, staining perineural nets (PNNs), marking CPd closure. ImageJ/Fiji and
IMARIS were used for image processing and SPSS v24 for statistical analysis.

Results: Although PV* interneuron (IN) numbers and IR intensity were unchanged, development
of GAD65/67* synaptic boutons was accelerated at P18 IUGR mice, and inversely correlated with
decreased expression of PSA-NCAM in the CA of P18 IUGR mice at P18. NPTX2 * puncta and
total volume were persistently decreased in the CA3 pyramidal and radiatum layers of IUGR mice
from P18 to P40. At P40, axonal myelination (MBP*) in CA3 of IUGR mice was decreased and
correlated with NPTX2 deficits. Lastly, the volume and integrity of the PNNs in the dorsal CA was
disrupted in IUGR mice at P40.

Discussion/Conclusion: IUGR disrupts the molecular and structural initiation, consolidation
and closure of the CPd of synaptic plasticity in the mouse hippocampus in our model, which

may explain the learning and memory deficits observed in juvenile IUGR mice and the cognitive
disorders seen in human IUGR offspring. The mechanistic links warrant further investigation, to
identify therapeutic targets to prevent neurodevelopmental deficits in patients affected by IUGR.
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INTRODUCTION

Intrauterine growth restriction (IUGR) occurs when the fetus fails to attain expected growth
based on genetic potential. IUGR is the most common early life stressor affecting up to
10% of all pregnancies [1]. Uteroplacental insufficiency secondary to hypertensive disease
of pregnancy is the most common cause of IUGR in the developed world [2]. IUGR
increases morbidity and mortality in neonates[3-5] by impairing cortical development [6—
8], connectivity [9], cognition [10,11], and memory [12,13]. In the hippocampus, IUGR
produces hypoplasia and reduced number and dendritic complexity of neurons [12-15].
IUGR models that produce a hypertensive-like phenotype in pregnancy mirror these human
findings by replicating hippocampal hypoplasia [16] and hippocampal-dependent memory
deficits,[17-19] which are common in neurodevelopmental disorders and psychopathologies
[20,21]. However, the mechanisms underlying these structural and functional deficits need
further investigation.

Postnatal critical periods (CPd) of synaptic plasticity are characterized by profound
refinement and remodeling of brain circuits, with extensive neurite outgrowth, synaptic
formation, and pruning to create mature networks sculpted by experience [22]. The

CPd boundaries are determined by complex biochemical and structural events. Among
them, decreased polysialylation of the neural cell adhesion molecule (PSA-NCAM) in
the excitatory neuronal membranes, and advanced maturation of parvalbumin (PV)*
interneurons (INs) resulting in GABAergic network development with increased number
of glutamate decarboxylase (GAD) * synaptic boutons (also known as axonal terminals)
open the CPd [22-27]. On the other hand, increased neuronal pentraxin 2 (NPTX2 or
Narp) production by pyramidal cells, with later localization on GluA4 subunit of AMPA
receptors onto PV* INs, allows development of excitatory synapses and consolidation of
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the CPd [28,29]. Lastly, advanced myelination, and formation of perineural nets (PNNSs)
supporting NPTX2 proximity to PV* INs close this period [22,30-34]. Many of these
events are common to the somatosensory cortex, the amygdala and the hippocampus
[24,25,35-38]. However, these regional CPd progress sequentially, with somatosensory
cortex and amygdala temporally preceding that of the hippocampus [35]. Dysregulation

of the CPd temporal progression, which in rodent hippocampi is postulated to start
between postnatal age (P)17-P21 and to close during late adolescence (>P30), [25,35,38-
40] results in alterations in the excitatory/inhibitory (E/I) balance, which may contribute to
neurodevelopmental disorders and psychopathology in at risk individuals [41-45].

Here, we used a mouse model that is physiologically relevant to human disease of
pregnancy-induced uteroplacental insufficiency to study the effects of IUGR on the
molecular and structural events setting the boundaries of the CPd of synaptic plasticity in
the dorsal hippocampus, which is functionally and critically linked to memory processes
[46]. We focused in the hippocampus for two reasons. First, the hippocampus has a
well-defined CPd of synaptic plasticity [24,25,35-38] improving our ability to interpret
our data. Second, hippocampal hypoplasia and dysfunction, as seen in our model [16],

have been characterized in patients with IUGR [17] and those with schizophrenia [20,21].
Thus, studying the molecular alterations in the events governing the hippocampal CPd will
improve our ability to make meaningful contributions about the mechanistic origins of
neurodevelopmental disorders and psychopathology in IUGR patients. Because disturbance
in the onset, consolidation, or closure of hippocampal CPd of synaptic plasticity leads to
impairments, we hypothesized that IUGR would perturb the CPd of synaptic plasticity in the
mouse dorsal hippocampus in our model.

MATERIALS AND METHODS

Animals.

Animal procedures were approved by the University of Utah Animal Care Committee
(19-02001) and were carried out in accordance with the NIH Guide for the Care and

Use of Laboratory Animals. Details about the model are described elsewhere [16,19].
Impregnated C57BL/6J mice (000664, The Jackson Laboratory, Bar Harbor, ME) were
confirmed by the presence of vaginal plugs at embryonic day (E) 0.5. At E 12.5, pregnant
dams were anesthetized for retroperitoneal implantation of micro-osmotic pump (1007D, 0.5
ul/h, Durect Corporation, Cupertino, CA) containing either 0.5% ethanol (vehicle, sham)

or 4000 ng/ul of the thromboxane Ay-analog (TXA), U-46619 dissolved in 0.5% ethanol
(Cayman Chemical, Ann Arbor, MI) to deliver 2 pg/h over 7 days. Pups born vaginally

at E20-21, were cross-fostered to unmanipulated dams to minimize complications from
surgical implantation (Fig 1). Average litter size was 7.5 pups / litter regardless of treatment.
We sampled one male pup and one female pup /litter/ age/ treatment group, therefore we
used 7 dams/ age (P10, P18, P40)/ treatment group (sham or TXA) = (7 x 3 x 2) =42
pregnant dams total. All pups from the 42 pregnant dams survived (100% survival rate. In
this model, mouse dams receiving U-46619 developed maternal hypertension (mean blood
pressures were 20% above sham) 24h after pump implantation, and offspring were 15%
growth restricted at birth compared to sham [19]. For our experiments, the mice born after
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intrauterine exposure to U-46619 were 18.5% lighter than sham at P18 (14% in males
and 22% in females), and deficit resolved by P40 although a trend persisted (p=0.08) as
described in the model [19]. Despite weight catchup by P40, hippocampal volumes of the
animals used in our experiments were persistently smaller by P40 as reported elsewhere.
[16].

Brain harvesting and tissue processing.

Based on available literature [25,35,38-40], we selected 3 times to study specific phases

of the CPd in the rodent hippocampus: i) pre-initiation (P10), ii) middle of initiation /
consolidation (P18), and iii) ongoing closure (P40). At P10, P18, or P40, mice were
anesthetized using ketamine (80-100 pg/g of body weight [BW]) and xylazine (7.5-16 ug/g
of BW). Following thoracotomy, transcardiac infusion of normal saline (0.9%) was followed
by perfusion with 4% paraformaldehyde (PFA) for fixation. Brains were isolated from the
skull, removed, and post-fixed by immersion in 4% PFA overnight (for P10 and P18) or

for 2h (for P40) at room temperature (RT), as per modified protocol reported by our group
elsewhere [47]. Brains were cryoprotected using a sucrose gradient (5%, 10%, 20%) and
once they sank, brains were transferred overnight in 20% sucrose on ice to Johns Hopkins
University-School of Medicine Laboratory of Neonatology (RCV laboratory) for further
processing, where brains were stored in =80 °C until sectioning. Both sexes were equality
represented in all groups and stratification performed, looking for sexual dimorphism.

Western blotting.

Crude brain homogenates from naive mice at P18 were used to validate the antibodies for
IHC. Homogenates were cryoprotected using 20% (w/v) glycerol and the Bradford assay
was used to determine protein concentrations [48] in a 3:1 (v:v) dilutions of twenty-five

ug of protein homogenate and 4X loading buffer (reducing conditions) for western blots.
Samples were loaded and run in a 4-20% mini-protean TGX polyacrylamide precast protein
gels (Biorad Inc,, Hercules, CA), at 200V, and then transferred to nitrocellulose membrane
using TransBlot Turbo Midi-size (Biorad Inc, Hercules, CA). Ponceau S staining was used
to verify protein loading and successfully transfer. Membranes were blocked with 2%
normal goat serum (NGS) in 0.1% Tween/TBS (TBS-T) instead of the standard bovine
albumin (BSA) in order to replicate IHC experimental conditions, as previously reported
[47]. Membranes were incubated with primary antibodies at 1:1000 overnight at 4°C. After
TBS-T washes, membranes exposed to secondary antibodies for 1h and development using
enhanced chemiluminescence (Clarity Western ECL Substrate, Biorad Inc.). To verify that
the utility of the primary antibody for IF-IHC we used the following criteria, there must be:
i) an identifiable band(s), at molecular weight(s) well described for the target proteins, and
ii) absent non-specific binding at molecular weights not reported for the protein, except for
well reported post-transcriptional modifications also detected by the antibody.

Standard DAB Immunohistochemistry (IHC) for assessment of astrogliosis.

Brains were cut coronally in 50 pm sections using a freezing microtome. Floating IHC was
performed as previously described with rabbit anti-GFAP (DAKO / Agilent Technologies,
Santa Clara, CA; 1:1000) followed by goat anti-rabbit antibody (1:200) secondary antibody
and DAB as a chromagen. Nissl counterstaining was used for semi-quantitative volumetric
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analysis along with GFAP-derived scoring system to assess for astrogliosis [49]. We have
reported the hippocampal hypoplasia in this model previously [16]. GFAP scoring was based
on the abundance of immunoreactivity (IR) and glial scars evident at low magnification
(4X), astrocyte body size, and number and thickness of their branching, as well as presence
of astrocytic domain overlapping at higher magnification (20X).

Multi-channel labeled Immunofluorescence (IF)-IHC to assess CPd of synaptic plasticity.

For these experiments coronal brain sections were classified as anterior and containing
dorsal hippocampus, when fasciola cinereum appeared next to the dorsal 3™ ventricle and
the end of the dorsal subiculum, before the CA3 descended inferiorly to the horizontal level
of the fasciculus retroflexus. Following 3 washes with TBS pH 7.2 for 10 min, sections
were exposed to sodium citrate buffer pH 6.0 for 90 min at 80°C for antigen retrieval.
Permeabilization was achieved by exposure of sections to 0.2% (P10) or 0.4% Triton X

in TBS for 15 min at RT. Following blocking step with 10% NGS in 0.1% Tween/TBS

for 1h at RT, sections were exposed to various combinations of the following primary
antibodies: i) mouse monoclonal IgM anti- PSA-NCAM (Millipore Sigma Inc., Burlington,
MA; MAB5324; 1:250); ii) chicken polyclonal IgY anti-PV (Novus Biological LLC,
Centennial, CO; NBP2-50036; 1: 250); iii) rabbit polyclonal IgG anti-NPTX2 (ProteinTech
Group Inc., Rosemont, IL; 10889-1AP, 1;400); iv) rabbit anti-GAD65/67 (Abcam PLC;
Ab11070; 1:400), or v) mouse 1gG2b anti myelin basic protein (MBP; Biolegend Inc, San
Diego, CA,; 808402; 1:2000). Primary antibodies were mixed in 4% NGS in TBS (for
PSA-NCAM, and NPTX2) or TBS-T overnight at 4°C. Following overnight incubation,
tissues were exposed in the dark for 2h at RT to goat anti-chicken 1gY Alexa Fluor 488,
goat anti-rabbit or anti mouse conjugated to either Alexa Fluor 568 or 647, emitting red and
deep red fluorescence signal, respectively (Thermo Fisher Scientific, Inc, Waltham, MA),
mixed in 4% NGS /TBS-T. Lastly, sections were incubated for 5 min in 4’,6-diamidino-2-
phenylindole (DAPI) at 1pug/mL in TBS, washed in TBS, and mounted and dried for

30 min prior to coverslip with ProLong Glass Antifade Mountant (Molecular Probes,

Life Technologies Corp., Carlsbad, CA). Negative controls included no primary antibody
and subtype and species-specific immunoglobulin replacing primary antibody at identical
concentrations, as we have previously described [47,50].

Wisteria floribunda lectin (WFA) fluorescent staining for PNN detection.

Fifty um-thick sections were washed in 1X PBS for 10 min, blocked with 10% NGS in
PBS at RT for 90 min, and incubated in green fluorescein conjugated - WFA (Vector Labs,
FL-1351-2; at 1:400) in 4% NGS in PBS for 6h at RT. WFA is a lectin that preferentially
binds to chondroitin sulfate proteoglycan glycosaminoglycan side chains, which is enriched
in PNNs [51,52]. Following PBS washes, slices were incubated in 1 ug/mL DAPI solution
for 5 min, washed in PBS, and mounted and dried for 30 min prior to coverslip with
ProLong Glass Antifade Mountant (Molecular Probes, Life Technologies Corp.). WFA-
stained PNNs quantification. PNNs were counted in the dorsal hippocampus embedded in
two 50 um-thick coronal sections, using a Laser Scanning Confocal Microscope LSM700
AxioObserver from Carl Zeiss AG (Oberkochen, Germany). Area of each subfield was
measured in triplicate using the free-drawing function of ImageJ/Fiji software. Following
transformation to mm? the average area of each subfield was used to adjust PNN counts.
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Confocal microscopy.

Z-stacks were taken at 1440 x 1440 pixels, 16-bit depth, and averaged X2, captured

using a Plan-Apochromat 63X/1.4 Qil DIC M27 objective and 1.0 zoom to produce an
uncompressed image of 101.54 x 101.54 um at the most dorsal CA1 (two fields) and the
most temporal CA3 (four fields), as represent in panel B of figure 1. Z-stacks were set for
slicing at 1 air unit (0.8 um) to the maximal wavelength used in the experiments (639 nm)
using a Laser Scanning Confocal Microscope LSM700 AxioObserver from Carl Zeiss AG
(Oberkochen, Germany). Only exception was for MBP staining where field were taken at
0.5 zoom, which captures and are of 203.08 x 203.08 um per panel, taken at 0.5 air unit
(0.3 um), to better reconstruct myelinated filaments as described ahead. In all cases, same
IF-IHC protocol specifications were followed in all repeats of each experiments, as well
as same configurations for pinhole, gain and offset were reused to capture repeats for each
experiment for the same combinations. Detection wavelengths were: 300-483 nm for DAPI,
493 to 550 nm for Alexa 488, 560-600 nm for Alexa 568, 644—800 nm for Alexa 647.
Z-stacks were saved in .czi format for processing uncompressed.

Image processing using Imaris.

Image processing was performed using Imaris x64 v9.8 software (Bitplane AG. Belfast,
UK). In all cases, we collected 3 main measurements per IF channel source: i) counts (i.e.
cells, puncta), ii) per count and total (sum) volume (in um3), and iii) total intensity of
immunoreactivity (IF, in arbitrary units [A.U]). All of these measurements were reported
adjusted for the volume (um?3) of region of interest within the z-stack in which they were
measured. Each provide different information related to abundance of the objects (counts,
total volume, and total IF), and the size of the objects (volume per count). Additionally,
only specific to PV* INs, surface area (um?) was also calculated to derive the number of
NPTX2 * synaptic boutons (puncta) in contact with their membrane. These measurements
were obtained as described ahead. Volumetric reconstruction: following automatic creation
of an algorithm and definition of channel source and level of surface detailing, the detected
surface renderings were adjusted automatically after background subtraction and masking
to zero voxels inside surface. Split touching object function is used with the seed point
diameter set to the average diameter of the cell/object of interest. Dendfritic complexity
reconstruction. an automatic dendrite detection protocol was used using the green channel
(fluorescein conjugated for WFA [cells = 22 — 47/treatment/ CA subfield] or Alexa 488
conjugated for PV* IN Sholl analysis [cells = 28 — 37/treatment/ CA subfield]). We
created new filaments starting with the automatic algorithm setting to calculate diameter
of filament. Starting points, the largest dendritic diameter, and seed points, the smallest
dendritic diameter, were identified in slice mode and adjusted using automatic and manual
thresholds. Settings included the removal of seed points around set diameter of the starting
point sphere region to avoid excess or false filament creation around towards area of intense
IF (i.e. soma). Detected points were then automatically connected with lines following the
image intensity. Similar filament algorithm was used for the measurement of the length of
MBP* myelinated axons.
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Shapiro-Wills test confirmed non-normal distribution of the data. Thus, non-parametric
Mann Whitney U test was applied at each separate time point and stratified by sex

when appropriate. All results are presented as box and whisker plots, where each box
was limited by the 25t and 75™ percentiles and the solid line represented the median
with all experimental data points are shown. Outliers beyond 1.5 x interquartile range
(IQR) from median and extremes beyond 3 x IQR from median are represented. Non-
parametric Spearman Rho correlations were used, and a best-fit regression line was
calculated to determine relationship between i) GAD 65/67 puncta per neuron with PSA-
NCAM abundance at P18, and ii) NPTX2 abundance (total volume and total and per
PV* surface area [um?] puncta counts) with MBP* axonal length or PNN characteristics.
These relationships were presented as scatter plot with fitted line and 95% confidence
interval boundaries. Significance was assigned by p-value < 0.05 in all cases. Analysis was
performed using IBM SPSS Statistics 24v (IBM Corporation, Armonk, NY).

Minimal astrogliosis in dorsal hippocampus of IUGR mice at P18.

Despite the hippocampal hypoplasia reported in this IUGR model at P40 [16], no differences
were identified in astrogliosis in the dorsal hippocampus at P18 in either sex using a

well described GFAP immunoreactivity (IR) scoring [47,49,50,53,54]. Both sham and

IUGR mice had median GFAP scores of 3 IQR (3-5) regardless of sex. Representative
microphotographs are shown in Supplemental Fig 1. Correlations between hippocampal
hypoplasia and GFAP IR were not significant (data not shown).

Increased abundance of GAD 65/67 * synaptic boutons in IUGR mice at P18.

GABAergic development, particularly from PV* INs, is a mandatory trigger for the initiation
of the CPd of postnatal synaptic plasticity. No difference was observed in the number

or volume of either PV* INs or GAD 65/67* puncta at P10 between groups (Fig 2A—

D), although some variability was observed in the abundance of GAD 65/67* puncta

as suggested in example panels 2A5 vs. 2Bo. This apparent difference did not reach
significance (p=0.18, n=8 per group, data not shown). At P18, no difference in PV*

INs was identified (Fig 2E); however, GAD 65/67* puncta were more abundant in IUGR
mice compared to shams in CA1 (p=0.001) and CA3 (p=0.03) pyramidal cell layer (Py,
Supplemental Figure 2A). As a result, GAD 65/67 total volume in CA1 of IUGR mice

was 42.8% higher than in shams (p= 0.008, Fig 2F;) at P18. Likewise, at P18, the total
GAD 65/67 * volume (sum of the volume of all puncta) and the mean volume of the GAD
65/67" puncta were 44% (p=0.04, Fig 2F1) and 31.4% (p=0.02, Fig 2F5) higher in the

CA3 of IUGR mice compared to sham. When calculated by pyramidal cell (using DAPI
stained nuclei as surrogate, as the most abundant cell subtype within the Py layer), IUGR
mice had 30.2% (p= 0.001) and 23.5% (p= 0.03) more GAD65/67* puncta per neuron in
the CA1 and CA3 pyramidal cell layers (Py), respectively (Fig 2F3 & Fig 2G1-G,). At
P40, the abundance of GAD 65/67* synaptic boutons was similar between treatment groups
(Fig 2H1—-H5), as a result of a 59% (p=0.004) and 49% (p=0.01) increase in the number of
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GAD 65/67 * puncta in the CA1 and CA3 of sham animals, respectively, from P18 to P40
(Supplemental fig 2B & 2C).

PSA-NCAM is less abundant in IUGR mice at P18.

The polysialylated modification of NCAM (PSA-NCAM) located in the membrane of
pyramidal cells of the developing hippocampus limit the formation of perisomatic inhibitory
GABAergic synapses, predominantly from PV* INs needed to initiate the CPd [40].
Expression of PSA-NCAM, which was abundant in neuronal progenitor cells of the DG
(internal control, not shown), was modest in the CA at P18. Thus, we tested if PSA-NCAM
expression decreased to permit the accelerated GABAergic synaptic formation in IUGR
mice at P18. Indeed, CA3 PSA-NCAM total volume and IF were decreased by 75%
(p=0.01) and 73.2% (p=0.01) respectively in the oriens layer (Or) of IUGR mice compared
to. shams (Fig 3A; & 3A,). Similar trends were documented in the radiatum layer (Rd) (Fig
3B; & 3B,). Because most PV * INs synaptic boutons target perisomatic domains of the
pyramidal cell, thus abundance in the Py would better relate to the changes documented in
GADG65/67. PSA-NCAM total volume and IR was decreased by 34.6% (p=0.01, Fig 3C1)
and 36.2% (p=0.03, Fig 3C,) respectively in the CAL Py of IUGR mice at P18. Similarly,
PSA-NCAM total volume trended to be lower in the CA3 (p=0.10), while PSA-NCAM

IF was decreased by 38.5% (p=0.01, Fig 3C») at P18. In addition, because PSA- NCAM
decrease permits inhibitory synapse formation, we tested the associations between GAD
65/67 and PSA-NCAM in the model at P18. Both, GAD 65/67* puncta count (r = — 043,
p=0.02), and total volume (r = —0.63, p=0.001) inversely correlated with PSA-NCAM IF

at P18. Similarly, GAD 65/67 number of puncta per neuron (r = -0.55, p=0.005; Fig

3E4) and volume per neuron (r=-0.62, p=0.001; Fig 3E,) inversely correlated to PSA-
NCAM abundance in the CA1 Py. Similar trends were observed in the CA3 Py (data not
shown). Representative z-stack renderings of multichannel-IF immunostaining experiments
are shown (Fig. 3D & 3D»).

Decreased NPTX2 * excitatory puncta in the dorsal CA3 of IUGR mice at P18 and P40.

Following the development of inhibitory inputs into pyramidal cells, NPTX2 is upregulated
leading to accelerated formation of excitatory synapses. Thus, we tested if accelerated
GABAergic development in IUGR mice would result in increased NPTX2. However, we
found the opposite result. The number of NPTX2 * puncta was decreased by 64.3% in the
CA3 Rd (p<0.001, Fig 4A1), and by 32.1% in the CA3 Py (p=0.004, Fig 4B1) in IUGR
mice. Accordingly, NPTX2 total volume and IF were also decreased by 72.2% (p=0.001,
Fig 4A,) and 61.3% (p=0.02, Fig 4A3) in CA3 Rd, and by 36.8% (p<0.001, Fig 4B,) and
42.4% (p=0.02, Fig 4B3) in the CA3 Py, respectively in IUGR mice. Similar trends were
documented in the CA1 Rd and Py. Representative z-stack renderings of are shown (Fig.
4Cq to 4Cy). At P40, the deficits in NPTX2 were persistent, but attenuated (Fig 5). Thus,
NPTX2 total volumes were decreased by 31.9% in the CA3 Rd (p=0.05, Fig 5A,) and

by 41.3% in the CA3 Py (p=0.01, Fig 5B>) in IUGR mice vs. sham. However, deficits in
NPTX2 levels documented in IUGR mice coexisted with minimal alteration in the dendritic
complexity of PV * INs via Sholl analysis (Fig 5C). Representative renderings of NPTX2 *
puncta (red channel) and PV * IN dendritic structure (green channel) are shown (Fig 5D).
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Disrupted myelination in the CA3 of IUGR mice is sexually dimorphic.

Oligodendrocyte maturation and myelination is one of the events marking the closure of the
CPd of synaptic plasticity [31]. IUGR mice had decreased length of myelinated (MBP™)
axons in the CA3 (p= 0.008 vs. sham; Fig 6A1), along with decreased myelin surface area
(p=0.01 vs. sham; Fig 6A,) and myelinated axonal volume (p=0.04 vs. sham; Fig 6A3)

at P40. MBP* axons adjusted by the number of neurons (DAPI stained) further supports
impaired myelination and no decreased number of neurons (p= 0.002 vs. sham; Fig 6Ay).
All the events reported until now, including NPTX2* puncta analysis, have not shown
sexual dimorphism. However, sex stratification demonstrated that disrupted myelination only
occurred in female IUGR mice (Fig 6A4 to 6A,). All, length (r=0.44, p=0.05), surface area
(r=0.45, p=0.04), and volume (r= 0.46, p=0.04) of myelinated axons directly correlated
with the abundance of NPTX2* puncta in the CA3 (Supplemental Fig 3). The strength of
these associations was stronger in the Rd, layer within the CA3 with the strongest NPTX2
expression, as showed previously. Rendering of representative z-stacks and their respective
filament reconstructions using Imaris software are shown for CAl (Fig 6B4) and CA3 (Fig
6B,) from female mice. MBP™ axonal length directly correlated with NPTX2 volume in the
Rd (r=0.63, p=0.006, Fig 6C)

Disruption in volume, and density of PNNs in the CA1 and CA3 of IUGR mice at P40.

PNNs provide the support needed to stabilize NPTX2* excitatory synapses on PV* INs,
which lead to the closure of the CPd of synaptic plasticity. We found no difference in the
number of PNNs in the dorsal hippocampus between IUGR mice and shams at P40 (Fig
7A4). Counts per hippocampal subfield (CAL and CA3) did not showed differences either
(data not shown), although in the CA3 PNN counts trended to be lower in IUGR mice of
both sexes (Fig 7A;). However, the volumes of PNNs (in um?3) within the CA1 and CA3
were decreased by 30.7% (p = 0.03) and 43.7% (p=0.004), respectively at P40 (Fig 7A).
Similarly, the density (IF) of those PNNs was also decreased in the CAl (p= 0.008) and
CA3 (p<0.001) (Fig 7A3). Sex stratification demonstrated that the decrease in volume (Fig
7A,’) and density (Fig 7A3") of PNNs occurred exclusively in the female CAl and CA3.
Representative rendering of surface reconstructions for PNNs located in the female CA1
(Fig 7B1_») and CA3 (Fig 7B3_4) are shown. Next, we studied the relationships between the
PNN disruption with NPTX2* puncta in the Py. Density of PNN, measured as IF, directly
correlated with the number of NPTX2* puncta per 1000 pm? of volume (Fig 7C;) and per
100 um? of PV* IN surface area (SA, Fig 7C») in the CA1 and CA3 Py. The strength of
relationships between NPTX2* puncta and PNN disruption, irrespective of treatment group,
was assessed using Spearman Rho correlation stratified by sex as shown in heatmap (Fig 8).
Although, no difference in directionality of the relationships was observed between males
and female in the CA3, sexual dimorphism was observed in the CAL subfield analysis. The
correlation between the abundance of NPTX2* puncta per 100 pm? of PV* IN SA with PNN
volumes was direct in female mice, while it was inverse in male mice.

DISCUSSION

Here, we delineated for the first time the effects of hypertensive disease of pregnancy-
induced IUGR on the molecular and structural initiation, consolidation, and closure of the
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postnatal CPd of synaptic plasticity in the mouse dorsal hippocampus. Earlier than expected
developmental GABAergic maturation and PSA-NCAM decline suggest premature onset of
the CPd. However, NPTX2 decrease expression in the dorsal CA Rd and Py, and localization
in excitatory synapses into PV* INs argue against appropriate consolidation of the CPd

in the hippocampus. Lastly, perturbed axonal myelination (MBP*), which correlates with
NPTX2 deficit, along with decreased volume and integrity of the PNNs in the dorsal CA

of IUGR mice in early adulthood, supports impaired closure of the postnatal CPd. Together,
our findings show that a perturbed developmental pattern of events governing the postnatal
CPd in the dorsal hippocampus would likely affect the intricate balance between excitatory
and inhibitory neuronal development, which may underlie the learning and memory deficits
observed in our adult IUGR mice [16] and the cognitive disorders seen in human IUGR
offspring [12,13].

The postnatal CPd of synaptic plasticity has been extensively studied in the visual cortex
[31,55-58], and more recently in the hippocampus, where sequential waves for learning
enable the acquisition of complex functions as elegantly described by Albertini et al [35].
The complex events limiting the boundaries of these critical periods emerge from the quality
and strength of interactions between excitatory pyramidal cells and PV * INs, particularly
the later which is paramount in the establishment of the excitatory : inhibitory balance

[59]. Thus, our experiments were centered on the development of the GABAergic circuit
and the temporal shift in events governing the postnatal CPd of synaptic plasticity in the
hippocampus after IUGR.

In our hypertensive disease of pregnancy -induced model and other IUGR models,
hippocampal hypoplasia and memory deficits have been described [16] resembling those
seen in human IUGR offspring [4,5,11,14,60]. Alterations in several of the events framing
the postnatal CPd of synaptic development in the hippocampus may explain some of our
previous findings [16]. Here, we described that although the number of PV* INs remains
unchanged, the number, total volume, and IF intensity of GAD 65/67* synaptic boutons
are prematurely increased by P18, a time at which they inversely correlated with the
decrease in PSA-NCAM abundance in IUGR offspring. The GABAergic maturation that
follows is pivotal for initiation of the CPd, and thus genetic silencing of GAD prevents the
initiation of this period [59,61]. The maturation, connectivity, and activity of PV* INs are
also controlled by the extracellular matrix molecules, such as PSA-NCAM and later the
formation of PNNs [62,63]. The decrease in PSA modification of NCAM, which prevents
cell adhesion, connectivity, and GABAergic development [64,65], facilitate formation of
perisomatic GABAergic synaptic boutons and consolidation of inhibitory networks [66,67]
Thus, the accelerated PSA-NCAM decline, and GAD 65/67 synaptic boutons development
in the dorsal CA1 and CA3 of IUGR offspring suggest premature PV* IN maturation and
initiation of the postnatal CPd of synaptic plasticity.

NPTX2, an immediate early gene (IEG), is produced by CA pyramidal cells to mediate
activity-dependent plasticity [68] pivotal for memory formation [69,70]. NPTX2 is known
to accumulate in excitatory synapses into PV* INs [28] to consolidate the postnatal CPd
of synaptic plasticity by enhancing PV* IN function, essential for excitatory :inhibitory
balance and memory formation [32,71-74]. In our model of IUGR, we identify decreased
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NPTX2 in pyramidal cells at P18, which in a lesser degree persists by P40. Thus, even
when PV* INs numbers are preserved and their perisomatic synaptic boutons to pyramidal
cells are increased in IUGR offspring, this does not result in NPTX2 upregulation. To the
contrary, we speculate that accelerated and increased GABAergic maturation may negatively
impact CA1 and CA3 pyramidal cell activity, resulting in NPTX2 downregulation. Knowing
that NPTX2 is also necessary to enhance and maintain PNN formation in primary cortical
neurons [75], the decrease in volume and intensity of the PNNs stained with WFA, may
also be a downstream effect, as suggested by the direct correlation between NPTX2 and
WEFA staining at P40. Although we document sexual dimorphism in the relationship between
NPTX2 and PNN formation in the CA1, with higher NPTX2* puncta in PV* INs inversely
correlated with PNN volumes; neither NPTX2 abundance, nor PNN volumes are disrupted
in the CA1 of IUGR male mice. Thus, these relationships are important to dissect, but

do not play a major role in the characterization of the perturbance of the CPd in our

model. Perturbations in the events setting the consolidation and closure of the CPd in the
dorsal hippocampus, are also suggested by the impaired myelination reported here. Effect
in oligodendroglia and myelination has been reported previously in the IUGR model used
for our experiments [15], and a sheep model [76], along with multiple other models [77-
79]. Myelination along with the formation of PNNs in PV* INs close the CPd of synaptic
plasticity [31]. Thus, our results in the context of previous evidence support the thesis

that IUGR delays the closure of the postnatal CPd of synaptic plasticity in the dorsal
hippocampus.

We acknowledge several limitations in this study. First, the data presented here are only
describing the changes seen in the dorsal hippocampus of IUGR offspring in our model, but
mechanistic aspects of how these events occur and the downstream outcomes are still under
investigation. Study of miniature inhibitory postsynaptic currents measured in pyramidal
cells using patch clamping followed by GABAergic blockade manipulation is among the
next steps to fully interpret the effect of the increase in GABAergic synaptic boutons and

the link with decrease NPTX2 expression and PNN formation. Study of many other events
governing the CPd is needed, for example evaluating the upstream cascades, such as changes
in BDNF are warranted, as in the visual cortex BDNF overexpression is sufficient to close
the critical period of synaptic plasticity [80]. Lastly, we have focused on the study of the
events governing the postnatal CPd within the hippocampal CA, understanding that future
studies must incorporate the evaluation of the dentate gyrus, entorhinal cortex, and amygdala
to better interpret the functional integration of the limbic system resulting from IUGR.

Conclusions.

To our knowledge, this is the first study evaluating the postnatal CPd of synaptic plasticity in
the dorsal hippocampus of IUGR offspring. Our results support a premature opening of this
period led by early GABAergic development and decline in PSA modification of NCAM,
but also a delayed consolidation and closure supported by decreased NPTX2 accumulation
impairing excitatory synapses formation into PV* INs and concomitantly disturbing PNN
formation and myelination. Altogether, our data support the current thesis that premature
onset plus abnormal lengthening of the CPd of synaptic plasticity in the dorsal hippocampus
is likely linked to neurodevelopmental and neuropsychiatric disorders [41]. It remains to be
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determined what the mechanisms are driving such perturbed timing in IUGR and whether
such perturbation is amendable to therapy in postnatal life.
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FIGURE 1. Experimental design.
Impregnation of C57BL6/J dams was confirmed by visualizing vaginal plug (EO.5).

Under anesthesia micro-osmotic pumps containing either vehicle (0.5% ethanol, OH) were
implanted at E12.5 (A). Pups were born at P20-21 and were cross-fostered to unmanipulated
dams. For these experiments, 3 groups of mice of both sexes were survived to P10 (n=4

per treatment per sex), P18 (n=7 per treatment per sex), or P40 (n=7 per treatment per sex).
Following perfusion, brains were collected, post-fixed, cryoprotected, and frozen. Brains
were sectioned coronally in a freezing microtome at 50um. Anterior sections with embedded
dorsal hippocampus were used for experiments evaluating target proteins essential for
initiation, consolidation, and closure of the CPd of synaptic plasticity in the CA1 and

CAZ3 subfields (B). Location of the high magnification fields evaluated are depicted as
squares inside the CA1 (x2) and CA3 (x4). CA, cornus ammonis; GAD, Glutamic acid
decarboxylase; E, embryonic day; M BP, Myelin basic protein; NPT X2, neuronal pentraxin
2; P, post-natal age; PNN, perineural nets; PSA-NCAM, polysialylated neural cell adhesion
molecule; PV, parvalbumin; TXA, thromboxane Ap-analog; WFA, Wisteria floribunda
lectin.
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FIGURE 2. Increased GAD 65/67 * synaptic boutons at P18 in the mouse model of [UGR.
Double immunolabeling detected PV IR in green (Alexa 488 goat anti chicken) and GAD

65/67 IR in red (Alexa 568 goat anti rabbit), and DAPI staining in dorsal CAl (A & B)
and CA3 (C & D), as shown in panels for P10 sham (A & C) and IUGR (B & D) mice.
High magnification insets are shown for GAD 65/67 panels (A, By, Co & Dy), with bar
representing 10 um. Box and whiskers plots represent PV total volume (um3) at P18 (E)
and GAD 65/67 at P18 (F) and P40 (H). Boxes are limited by the 75t and 25t percentiles
(interquartile range, IQR) and whiskers are limited by the last data point within 1.5 times
the IQR from the median (continuous line inside the box), with outliers represented as °.
Mann-Whitney U test was applied to compared experiments groups. *, p < 0.05. Unbiased
image processing and analysis was performed using Imaris x64 v9.8 software blinded to
treatments, sex and time. While no changes were documented in the abundance of PV levels
in either CA1 or CA3 at P18, GAD 65/67 total volume (um? per 103 pm3, F1), volume

Dev Neurosci. Author manuscript; available in PMC 2023 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

St. Pierre et al.

Page 20

per puncta (um?3, F5), and number of puncta per neuron (F3) were increased in IUGR mice
vs. sham. Representative renderings for GAD 65/67 reconstruction from z-stacks using Zen
blue software in CAL (G4) and CA3 (Gy). Increase in GAD 65/67 total volume (H1) and
number of puncta per neuron (H5) resolved by P40. CA, cornus ammonis; GAD, Glutamic
acid decarboxylase; Or, Oriens Layer; P, post-natal age; PV, parvalbumin; Py, pyramidal
cell layer; Rd, Radiatum layer.
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FIGURE 3. Decreased PSA-NCAM in dorsal hippocampus of lUGR mice at P18.
Analysis performed in z-stacks captured from double immunolabeling detecting PV IR

in green (Alexa 488 goat anti chicken) and PSA-NCAM IR in red (Alexa 568 goat anti
mouse), and DAPI nuclear staining in dorsal hippocampus. Box and whiskers plots represent
PSA-NCAM total volume (um?3 x 108 pm3; A4, B, & C4) and total IF (A.U. x 103 um3;
Ay, By, & C») at P18 in CAl and CA3. Analysis segmented for Or (A), Rd (B), and Py
(C) layers of the dorsal CA1 and CA3. Boxes are limited by the 75! and 25t percentiles
(interquartile range, IQR) and whiskers are limited by the last data point within 1.5 times
the IQR from the median (continuous line inside the box), with outliers represented as °.
Mann-Whitney U test was applied to compared experimental groups. *, p < 0.05. Unbiased
image processing and analysis was performed using Imaris x64 v9.8 software blinded

to treatments, sex and time. Representative reconstruction renderings from z-stacks using
Zen blue software in CA1 (D7) and CA3 (D) are shown. The decrease in PSA-NCAM
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IR (x-axis) inversely correlated with the increase in GAD 65/67 puncta per neuron (E1)

and volume per neuron (E5) at P18. Continuous line represents the fitted line derived

from a linear regression and the discontinuous line represent the 95% CI. Spearman Rho
correlation was applied. A.U., arbitrary units; CA, cornus ammonis; GAD, Glutamic acid
decarboxylase; | F, immunofluorescence; Or, Oriens Layer; P, post-natal age; pcta, puncta;
PV, parvalbumin; Py, pyramidal cell layer; r, Rho coefficient; Rd, Radiatum layer.
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Figure 4. Decrease NPT X2 levelsin the CA3in IUGR miceat P18.
Analysis performed in z-stacks captured from double immunolabeling detecting PV IR in

green (Alexa 488 goat anti chicken) and NPTX2 IR in red (Alexa 568 goat anti rabbit),

and DAPI nuclear staining in dorsal hippocampus. Box and whiskers plots represent NPT X2
number of puncta per 103 pm?3 (A1 & B4), total volume (um3 x 103 um3; A,& B,) and total
IF (A.U. x 103 um3; A3 & B3) at P18 in CA1 and CA3. Analysis segmented for Rd (A), and
Py (B) layers of the dorsal CA1 and CA3. Boxes are limited by the 75t and 25t percentiles
(interquartile range, IQR) and whiskers are limited by the last data point within 1.5 times
the IQR from the median (continuous line inside the box), with outliers represented as °.
Mann-Whitney U test was applied to compared experimental groups. *, p < 0.05. Unbiased
image processing and analysis was performed using Imaris x64 v9.8 software blinded to
treatments, sex and time. Representative reconstruction renderings from z-stacks using Zen
blue software in CAl (C1 & C3) and CA3 (Cy & Cy). A.U., arbitrary units; CA, cornus
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ammonis; | F, immunofluorescence; Or, Oriens Layer; P, post-natal age; pcta, puncta; PV,
parvalbumin; Py, pyramidal cell layer; Rd, Radiatum layer.
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Figure5. Persistent decrease NPT X2 levelsin the CA3in ITUGR mice at P40 with minimal

dendritic alteration of PV T INs.

Analysis performed in z-stacks captured from double immunolabeling detecting PV IR in
green (Alexa 488 goat anti chicken) and NPTX2 IR in red (Alexa 568 goat anti rabbit),
and DAPI nuclear staining in dorsal hippocampus. Box and whiskers plots represent NPT X2
number of puncta per 103 pm3 (A; & Bj), total volume (um?3 x 108 pm3; A,& B,) and
total IF (A.U. x 103 um3; A3 & B3) at P18 in CA1 and CA3. Analysis segmented for

Rd (A), and Py (B) layers of the dorsal CA1 and CA3. Boxes are limited by the 75t

and 25t percentiles (interquartile range, IQR) and whiskers are limited by the last data
point within 1.5 times the IQR from the median (continuous line inside the box), with
outliers represented as °. Mann-Whitney U test was applied to compared experimental
groups. *, p < 0.05. Unbiased image processing and analysis was performed using Imaris
x64 v9.8 software blinded to treatments, sex and time. Distribution of the number of Sholl
intersections (mean = SEM, j~axis) counted away from the soma of PV * INs (x-axis)
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suggested modest differences between treatment groups at P40 (C). Representative surface
reconstruction renderings from z-stacks using Imaris x64 v9.8 software in CA1 (D4) and
CA3 (D), showing reconstructed NPTX2 puncta (red channel) and PV * INs (green
channel). A.U., arbitrary units; CA, cornus ammonis; | F, immunofluorescence; Or, Oriens
Layer; P, post-natal age; PV, parvalbumin; Py, pyramidal cell layer; Rd, Radiatum layer.
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Figure 6. Sexual dysmorphism in disruption of myelination in the CA3 of IUGR mice at P40.
Analysis performed in z-stacks captured from immunolabeling detecting MBP IR in

magenta (Alexa 647 goat anti mouse) and DAPI nuclear staining in dorsal hippocampus.
Box and whiskers plots represent filament analysis using Imaris software for MBP-stained
myelinated axons in the CAl and CA3, and stratification by sex of CA3 analysis. Analysis
included total filament length (um, A1), surface area (um2, A,), and volume (um3, Ag)

as well as filament length per neuron (um, Ay4). Boxes are limited by the 75t and 25t
percentiles (interquartile range, IQR) and whiskers are limited by the last data point
within 1.5 times the IQR from the median (continuous line inside the box), with outliers
represented as °. Mann-Whitney U test was applied to compared experimental groups. *,

p < 0.05. Unbiased image processing and analysis was performed using Imaris x64 v9.8
software blinded to treatments, sex and time. Representative rendering of z-stacks produced
using ZenBlue software for CA1 (B4) and CA3 (B») of sham and IUGR female mice are
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shown, with high magnification panels of reconstruction of myelinated MBP * axons (a).

A second set of high magnification panels localized in the Rd are also shown for CA3

(b). MBP * filament length (um; y~axis) directly correlated with deficits in NPTX2 volume
(um3; x-axis) at P40 in the CA3. Continuous line represent the fitted line derived from a
linear regression and the discontinuous line represent the 95% CI. Spearman Rho correlation
was applied. CA, cornus ammonis; Or, Oriens Layer; P, post-natal age; M BP, Myelin basic
protein; Py, pyramidal cell layer; r, Rho coefficient; Rd, Radiatum layer.
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Figure 7. Disturbed PNN formation in the dorsal hippocampus of lUGR mice at P40.
Analysis performed in z-stacks captured from fluorescein conjugated WFA staining

detecting PNN in green channel in dorsal hippocampus. Box and whiskers plots represent
PNN number per mm? in the dorsal hippocampus and the CA3 stratified by sex (A1), total
volume (in pm?3 x 103 um3; A) and total WFA IF (A.U. x 103 um3; A5) at P40 in CA1 and
CA3. Sexual dimorphism for total PNN volume (A5’) and WFA IF (A3’) are also shown.
Boxes are limited by the 75t and 25™ percentiles (interquartile range, IQR) and whiskers
are limited by the last data point within 1.5 times the IQR from the median (continuous
line inside the box). Mann-Whitney U test was applied to compared experimental groups.
*, p < 0.05. Unbiased image processing and analysis was performed using Imaris x64 v9.8
software blinded to treatments, sex and time.

Representative surface reconstruction renderings from z-stacks using Zen blue software

in CAl (B — By) and CA3 (B3 — By), showing reconstructed PNNs (green channel).

Dev Neurosci. Author manuscript; available in PMC 2023 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

St. Pierre et al.

Page 30

Videos capturing 3D-reconstructions are available on-line (Supplemental material). Number
of NPTX2* puncta per 103 um3 (C4) and number of NPTX2* puncta per 102 um of PV IN
surface area (C,) (J~axis), both directly correlated with WFA IF per PNN (x-axis) at P40 in
the CA1 and CA3. Continuous line represents the fitted line derived from a linear regression
and the discontinuous line represent the 95% CI. Spearman Rho correlation was applied.
A.U., arbitrary units; CA, cornus ammonis; | F, immunofluorescence; NPT X2, neuronal
pentraxin 2; P, post-natal age; PNN, perineural nets; PV, parvalbumin; SA, surface area;
TXA, thromboxane Ay-analog; WFA, Wisteria floribunda lectin.
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FIGURE 8. Heatmap representing the strength of Spear man Rho correlation between NPTX2*
puncta and PNN disruption at P40.
Intensity of blue or red boxes represent the extremes of the Rho (p) coefficient of +1.0

to —1.0, respectively, as showed in grading bar on the right. *, p < 0.10; **, p < 0.05;

*** p < 0.01. Sexual dimorphism shown in the relationship of PNN volume vs. number

of NPTX2* puncta per 102 um of PV IN surface area in the CAL. CA, cornus ammonis;

I F, immunofluorescence; NPT X2, neuronal pentraxin 2; P, post-natal age; PNN, perineural
nets; PV, parvalbumin; SA, surface area; WFA, Wisteria floribunda lectin.
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