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Abstract

The actin-binding protein synaptopodin (Synpo) regulates the cytoskeleton and orga-
nization of the endoplasmic reticulum, thereby amplifying intracellular Ca?* signaling.
Knockout (KO) mouse models have been used to study the role of Synpo in kidney
and brain functions, where it supports stress fiber formation, as well as long-term
potentiation (LTP) and learning, respectively. Here, we generated Synpo KO rats
using CRISPR-Cas9, and show they are viable but have reduced body weight after
postnatal days 35—45, along with shorter limb bone length. Their basal kidney func-
tion is normal into early adulthood. Serial section electron microscopy from Synpo KO
rat hippocampus reveals the absence of the spine apparatus in dendrites and cister-
nal organelle in the axon initial segment (AIS), two Synpo-dependent specializations
of smooth endoplasmic reticulum. The AIS in KO was still innervated by inhibitory
synapses despite the total loss of the cisternal organelle. Synpo KO rats also showed
reduced LTP. Previously unknown KO effect of Synpo on body stature could have an
inadvertent impact on behavioral outcomes. Furthermore, rats have a well-defined
developmental onset of LTP, compared to the variable onset of LTP in mice. This,
combined with known species differences in behavior, makes our KO rat model a
valuable resource for assessing the role of Synpo in development, learning, synaptic
plasticity, and a wide range of other biological functions.

Introduction

Regulation of actin cytoskeleton and intracellular Ca?* is essential for cellular func-
tions, including synaptic plasticity in neurons and glomerular filtration in the kidney.
The actin-binding protein synaptopodin (Synpo) is expressed in both neurons and

kidney podocytes. Synpo is critically involved in controlling the structure of smooth
endoplasmic reticulum (SER) [1-3] that affects Ca?* transients [4]. Synpo regulates
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hippocampal anatomy (LM and EM), SDMA
levels, body weight, bone length, and electro-
physiology have been deposited at the Texas
Data Repository (https://doi.org/10.18738/T8/
HDOTFV) and 3DEM.org (https://3dem.org/pub-
lic-data/tapis/public/cloud.data/corral-repl/proj-
ects/NeuroNex-3DEM/Public/2025_Kuwajima_

Synpo-KO-rats/), and they are publicly available
as of the date of publication.
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actin bundling and stress fiber formation [5], and change in its expression level has
been proposed as a biomarker for glomerular diseases, mild cognitive impairment,
Alzheimer’s disease, Lewy body dementias, multiple sclerosis, and acute hypoxic
brain injury [6—13]. Although Synpo transcripts are expressed widely in the body
[14-17] (https://www.gtexportal.org/home/gene/SYNPO), most studies thus far
focused on the role of Synpo protein in brain and kidney functions.

In the foot processes of podocytes in the kidney glomerulus, the longand T
isoforms of Synpo promote actin bundling and stress fiber formation mediated by
alpha-actinin [5]. This process is regulated by phosphorylation-dependent proteolysis
of Synpo [18-20]. Loss of Synpo compromises the foot process function, impairing
recovery from nephrotic syndrome induced by the bacterial component lipopolysac-
charides [5] or the chemotherapy drug Adriamycin [21].

The short isoform of Synpo is expressed in many forebrain areas, where it is
required for the formation of the spine apparatus in dendritic spines and cisternal
organelles in axon initial segments. Both structures are derived from multiple cisterns
of SER integrated with the actin cytoskeleton and Synpo [1-3,22,23]. The spine
apparatus mediates Ca?*-induced Ca?* signaling in dendritic spines [4,24,25] and may
serve as a local secretory pathway compartment capable of ribosome docking and
post-translational modification of integral membrane proteins, including glycosylation
[26—29]. Synpo is upregulated during long-term potentiation (LTP), a widely studied
mechanism of learning and memory [14,30]. Spines containing the spine apparatus
undergo greater amounts of plasticity than those lacking this organelle [31-33]. The
cisternal organelle also serves as a source of intracellular Ca?* and plays a role in
plasticity of the axon initial segment and regulation of neuronal excitability [2,34—-37].

We previously found that LTP induced by theta-burst stimulation (TBS) in the
hippocampal area CA1 of adult rats is associated with the conversion of SER tubules
into the spine apparatus, as well as synapse enlargement and clustering around
spines containing spine apparatus [33]. In contrast, TBS-induced LTP in juvenile
(P15) rats is linked to synaptogenesis rather than SER-associated synapse enlarge-
ment [38,39]. Interestingly, Synpo expression is developmentally regulated, with
protein expression beginning at P5 and reaching adult levels by P12 [40,41]. Previ-
ous work suggests that the spine apparatus is absent at birth and requires maturation
past P15 in the rat hippocampus [42,43]. Accordingly, the developmental upregulation
of Synpo and formation of the spine apparatus may contribute to the maturation of
synapses, spine clustering, and LTP [33,39].

A mouse model of Synpo deletion has been used to study the role of Synpo in
kidney and brain functions. This animal model has revealed that Synpo and the spine
apparatus are involved in the induction and maintenance of LTP and synaptic plas-
ticity [1,44—48]. Mice have become the genetic model of choice since the first gene
knockout model was generated in 1987 [49]. More recently, advances in gene editing
methods, such as approaches based on clustered regularly interspaced short palin-
dromic repeats (CRISPR)-Cas [50], are expanding the utility of rats as genetic mod-
els. Rats and mice are often regarded as interchangeable due to their morphological
and evolutionary similarity. However, a growing body of evidence demonstrates that
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their genetic and functional differences need to be considered when choosing the model system best suited for a specific
biological question. For example, the onset of LTP expression in the mouse hippocampus area CA1 is highly variable over
postnatal day (P) 18-37 [51], while rats have a well-defined onset age for LTP at P12 that coincides with spinogenesis
[52,53]. Rats and mice also differ in their navigational strategies and the stability of neural representation of space, even
though they share many behavioral characteristics in simple exploration tasks (reviewed in [54]). In addition, rats are more
receptive to human handling routines and less easily stressed by human contact than mice [55,56]. These findings point to
species differences that should be taken into account for establishing the functional role of Synpo.

Here, we generate and investigate Synpo knockout (KO) rats. The outcomes demonstrate that KO rats are an import-
ant resource for probing the impact of Synpo deletion on brain, bone, and kidney functions, especially during develop-
ment, learning, memory, and a variety of disease processes.

Results

We used the CRISPR-Cas9 system to delete the coding region of the Synpo gene in rats (Figs 1A and B, S1 Fig), design-
ing guide RNAs to target the 5" and 3’ regions flanking the protein-coding exons 2 and 3. The successful deletion was con-
firmed by sequencing the PCR products spanning the excised region from N1 generation rats (S1 File). The resulting two
KO lines carry alleles that differ in the genomic location of the 5’ breakpoint (S1 File). The KO rats are viable and appear
healthy into adulthood under standard laboratory housing conditions. When heterozygotes were paired for breeding, the
resulting litter size averaged 11, ranging from 4 to 18 pups (based on 51 litters from 20 breeding pairs). Both KO lines
were used to measure body weight (Fig 2C) and were prepared for electron microscopy to ensure deletion of the spine
apparatus (Fig 3) and cisternal organelle (Fig 4). After the first line was deposited to the Rat Resource and Research
Center (Columbia, MO; https://www.rrrc.us), under the designation LE-Synpo®™’*m the second line (LE-Synpo®™?m") was
used for histology (Figs 1D and E), renal function tests (Fig 2A), bone length measurements (Fig 2D), and slice physiology
(Fig 5). WT littermates were used as control as much as possible. Detailed information about the animals used (including
founder lines and littermates) is available in additional data deposited at the Texas Data Repository (see “Data and code
availability”).

The absence of Synpo protein in the KO was confirmed with immunohistochemistry labeling of the hippocampus
(Fig 1C), where Synpo is highly expressed in WT rats. Gross hippocampal morphology was indistinguishable between
WT and KO rats. Specifically, there was no statistically significant difference in the thickness of the CA1 layers, including
the stratum oriens (SO), the combined strata radiatum and lacunosum-moleculare (SR-SLM), or the entire CA1-all region
(Figs 1D and E). Thus, the overall laminar organization of this hippocampal region remains normal in KO rats, a finding
consistent with studies in KO mice [1].

Synpo is also expressed in the kidney glomerulus [5,40], where its long and T isoforms modulate Rho signaling and
actin bundling in podocytes [18,20]. Although their basal urinary protein excretion was reported to be normal [1], Synpo
KO mice exhibited a delayed recovery from proteinuria during a model of transient nephrotic syndrome [5,21]. The
kidney-specific Synpo isoforms are encoded by exons 2 and 3 that were deleted in our rat lines, with their absence in the
KO kidney confirmed by immunofluorescence labeling (Fig 2A). We also assessed the levels of symmetric dimethylargi-
nine (SDMA) in blood serum samples collected from WT and KO. SDMA is a byproduct of intranuclear arginine methyla-
tion and serves as a biomarker correlating with glomerular filtration rate in multiple mammalian species, including the rat
[57-60]. No statistically significant difference was detected in the serum SDMA levels between WT and KO rats (Fig 2B),
suggesting that the basal kidney function remains normal in the absence of Synpo. However, over a period of 288 days, 3
KO rats (2 males and 1 female) out of 20 total developed acute renal failure and were euthanized at ages between P105
and P157. During the same period, acute renal failure was not seen in any of the 26 WT or 28 heterozygous littermates
P100 or older, or 38 WT and 43 KO that were at P99 or younger. These findings suggest that some KO rats may be more
susceptible to conditions of kidney stress later in adulthood.
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Fig 1. Generation of congenital Synpo KO rat. (A) Schematic of the rat Synpo gene structure. Top: WT gene structure with guide RNA targeting
sites (black arrows) flanking exons 2 and 3. Bottom: KO gene structure with locations of forward and reverse PCR primers used to confirm deletion
(orange arrows). Blue box =protein-coding exons; white box = untranslated exon regions; thick lines =introns; thin lines =flanking genomic DNA; orange
line=expected PCR fragment with successful deletion. (Also see S1 File.) (B) PCR products from two founder lines show fragments with expected
sizes (Lane 1=Allele A or LE-Synpo®™™ ™" 966 bp; Lane 2=Allele B or LE-Synpo°™?m1 891 bp). Lane 3=WT; PCR band is absent because the con-
ditions do not support amplification of the longer wild-type sequence. Lane 4 =no DNA negative control. The original image of this gel is available in

S1 Fig. (C) Synpo protein is absent in the KO hippocampus. (D) Representative brightfield micrographs of the WT (left) and KO (right) hippocampus in
parasagittal sections stained with Cresyl Violet. In the area CA1, the thickness of layers (CA1-all, SO, and SR-SLM, delineated by blue brackets) was
measured along the red line that originates at the dorsal-most point of the hippocampus and crosses stratum pyramidale perpendicularly, ending at
the hippocampal fissure. (E) Quantification shows that CA1 layer thickness was not altered in KO (mean + SEM; unpaired t-test; n=6 sections from 3
animals per genotype; colors indicate individual animals). CA1-all: WT=1142.69+18.62 pm, KO=1161.73+106.13; p=0.87. SO: WT=253.60+4.52,
KO=233.67+20.21; p=0.22. SLM: WT=746.10+25.38, KO=802.88 +85.14; p=0.54.

https://doi.org/10.1371/journal.pone.0355625.9001

Unexpectedly, the KO rats of both founder lines appeared consistently smaller in stature than the WT littermates. We
tracked their body weight between P21 and P100. For both females and males, KO rats weighed significantly less from
P35 onward for females and from P45 onward for males (Fig 2C). We also found that the length of the tibia and ulna in
young adult female KO rats (P58-72) was significantly shorter than WT littermates, and the tibia was significantly shorter
in KO male rats of the same ages (Fig 2D). Thus, body size differences between genotypes become significant after the
first several weeks of postnatal development, a factor that may affect interpretation of behavioral tests that depend on
locomotion as a measure of performance.
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Fig 2. Adult Synpo KO rats show normal excretory renal function, but have a diminished stature compared to WT. (A) Synpo protein is absent
in the kidney of KO. (B) Serum SDMA levels are comparable between WT and KO. The median and interquartile range are indicated. p=0.97 (female)
and p=0.66 (male), Mann-Whitney U test. (C) KO rats had a significantly lower body weight at the age of P35 or older for females and P45 or older
for males. N=3 and mean + SEM for each data point. Some error bars are smaller than the symbols, and thus too small to be visualized. Two-way
analysis of variance (genotype effect for female, F(1, 4) = 167.7, p=0.0002; male, F(1, 4) = 17.50, p=0.014 with post hoc Bonferroni’s multiple com-
parisons). (D) KO rats had significantly shorter ulna and tibia. Mean + SEM. Female ulna: WT=27.33+0.33 mm, KO=21.67+0.88; * p=0.014. Female
tibia: WT=42.67+0.67, KO=34.67+0.67; *** p=0.001. Male ulna: WT=27.67 +1.45 mm, KO=23.33+1.45; p=0.1. Male tibia: WT=45.67+0.88,

KO =38.00+0.58; ** p=0.003. Unpaired t-test. Colors indicate individual animals.

https://doi.org/10.1371/journal.pone.0355625.9002
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Fig 3. The spine apparatus is absent in Synpo KO rat. (A) EM images and 3D reconstructions of dendritic spines (transparent yellow) and their
PSDs (red) in WT and KO, with no SER, SER tubule, or SA (green). KO rats had spines and PSDs as large as those in WT, but no SA was observed.
(B) Sample regions of interest (ROI), this example from WT. Left — A schematic view of four ROIs (labeled 1-4; 10 umx 10 ym x 3 ym each) placed within
nonoverlapping locations in one of four EM series (n=2 per genotype) each encompassing ~40 ym x~40 ym x~12 ym. Middle — Each ROI (a sam-
pling frame for ROI #4 is shown) was placed on the central section avoiding large structures such as apical trunk dendrites (den) and capillaries (cap).
Right — A schematic view of the ROl #4 in x-y and y-z planes, with colored spheres representing all PSDs that occurred on the central section within the
sampling frame. PSDs that cross the green inclusion lines are included, while those crossing the red exclusion lines are excluded from analysis. The
identified PSDs were categorized according to the presence of the spine apparatus (red sphere), smooth endoplasmic reticulum (green spheres), or
absence of SER or spine apparatus (blue spheres) in the spines. Quantification is summarized in Table 1.

https://doi.org/10.137 1/journal.pone.0355625.9003
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Fig 4. The cisternal organelle is absent from the AIS of Synpo KO rats. (A) and (B) EM images and 3D reconstructions of AIS (transparent yellow)
and soma (solid yellow; partial reconstructions) with SER (green), cisternal organelles (magenta), symmetric synapses (blue), and asymmetric synapses
(red). The AIS from WT (A) had four spines (black arrowheads), three of which are dually innervated by symmetric and asymmetric synapses, while

the remaining one was singly innervated by a symmetric synapse. One AIS from KO (B, right) was reconstructed in its entirety from the soma to the
beginning of the myelinated axon (gray) and no cisternal organelles were found (see Table 2). Proximal portion of this AIS (gray dotted box) is enlarged
to the same scale as WT AIS in A (B, left). This AIS had 15 axonal protrusions, 6 of which are visible and receive inhibitory afferents (indicated by black
arrowheads). Asymmetric synapses formed by this AIS onto dendrites are indicated by asterisks.

https://doi.org/10.1371/journal.pone.0355625.9004

The spine apparatus and other SER-derived structures were quantified using three-dimensional reconstruction
from serial section electron microscopy (3DEM) of axo-spinous synapses in CA1 s. radiatum of the WT and KO rat
(Fig 3). The spine apparatus was identified as consisting of two or more cisterns of SER with interdigitating dense
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Fig 5. Early LTP is consistently impaired in the Synpo KO rats while late-LTP is dependent on the induction paradigm. (A) Overlapping
stimulus-response curves for WT and KO. Data were collected prior to baseline recordings during experiments using 3 trains (3T) or 8 trains (8T) of TBS.
(B) LTP induced by 3T at time 0 is impaired in Synpo KO at 1 hr after TBS. (WT=2.29+0.23; KO=1.68+0.13; *p<0.05, Mann-Whitney U test.) (C) The
difference between WT and KO at 2 hr after 3T is not statistically significant (WT=2.21+0.27; KO=1.76+£0.17; ns, Mann-Whitney U test). (D) and (E)
LTP induced by 8T at time 0 is impaired in Synpo KO at both (D) 1 hr and (E) 2 hr after delivery of 8T. (At 1 hr: WT=2.49+0.31 and KO=1.54+0.12.

At 2hr: WT=2.19+0.43 and KO=1.34+0.09; *p<0.05, Mann-Whitney U test.) (F) Waveforms from the 8T experiments show example pre- and post-8T
responses at 2 hr. Numbers in parentheses above each graph in A-E indicate the number of slices in each experiment. In total, 7 WT and 8 KO rats were
used and data from 1-4 slices per animal were included in analyses.

https://doi.org/10.1371/journal.pone.0355625.9005

plates, while an SER tubule in a spine is a membrane-bound structure that is contiguous with the SER network in the
parent dendritic shaft (Fig 3A). We adapted the unbiased 3D brick method [61] to determine the relative frequencies
of SER tubules and the spine apparatus (Fig 3B). For each of four EM series from s. radiatum (2 WT and 2 KO), four
non-overlapping sub-volumes (300 um? each) were selected in the neuropil, avoiding large structures such as cell
bodies, capillaries, apical trunk dendrites, myelinated axons, and proximal processes of astrocytes. All postsynap-
tic densities of axo-spinous synapses that appeared in the middle section of each sub-volume were identified. Then
the associated spines were followed to determine the absence or presence of an SER tubule or spine apparatus in
the spines (Fig 3B). The density of axo-spinous PSDs was comparable between WT and KO, suggesting that Synpo
deletion does not disrupt the number of synapses. Most spines in both conditions lack an SER tubule or spine appa-
ratus (Fig 3, Table 1). A single SER tubule occurs in about 6% of WT spines and 4% of KO spines (Fig 3, Table 1). A
spine apparatus occurred in 5% of the WT, but none occurred in the KO (Table 1), even when compared qualitatively
to spines of similar sizes (Fig 3A).
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Table 1. Quantification of asymmetric axo-spinous synapses and the presence of SER-derived structures in their spines.

N ROI Area (pm?) PSDs Total Number PSDs/pm? PSDs/pm? no SER SER tubule SA
(by ROI) (by animal)
WT 2,2,8 100 473 0.59+0.031 0.55, 0.63 419 (89%) 29 (6%) 25 (5%)
KO 2,2,8 100 516 0.65+0.029 0.63, 0.66 495 (96%) 21 (4%) 0 (0%)

N =number of animals, series, ROIs. PSD density did not differ between WT and KO, mean+SEM, n=8 ROlIs per genotype, p=0.22, unpaired t-test.

https://doi.org/10.1371/journal.pone.0355625.t001

Using 3DEM, we also sampled the axon initial segments (AIS; n=17 for WT and 14 for KO) located at the border
between CA1 strata pyramidale and oriens. AlSs were identified by visual inspection through serial sections for the pres-
ence of fasciculated microtubules and dense undercoating along the intracellular face of the plasma membrane [62,63].
Like the spine apparatus, the cisternal organelles form a complex made of at least two SER cisterns with interdigitating
dense plates (Fig 4A, EM). Of the sampled AlSs, only one was found in its entirety from its origin at the axon hillock to the
first myelin sheath (shown in Fig 4B), while all others appeared in our 3DEM datasets as partial fragments. Their esti-
mated lengths ranged 7—39 pm in the 2 WT series and 9-61 pm in the 2 KO series (Table 2). In these AlSs, a total of 118
cisternal organelles were observed in WT and none in KO (Table 2). One AIS each from a WT (Fig 4A) and a KO (Fig 4B)
was reconstructed, including the plasma membrane, all cisternal organelles, SER, and synapses. The SER cisterns of the
WT organelles were continuous with the SER network spanning the entire length of the AIS (Fig 4A). In contrast, the AIS
from KO contained no cisternal organelles despite having a robust SER network (Fig 4B).

Regardless of the genotype, putative inhibitory synapses were present along the length of all sampled AlSs. These
synapses were identified by symmetrically thin presynaptic and postsynaptic specializations and smaller pleomorphic pre-
synaptic vesicles compared to putative excitatory synapses on dendritic spines (compare EM images of synapses in Fig 4
with Fig 3A). Based on a qualitative observation from the reconstructed AlS (Fig 4), the symmetric synapses appeared
to cluster around the cisternal organelles in WT, whereas synapses in the KO may be more evenly distributed along the
length of the AIS. The reconstructed WT AIS had four spines, of which one was singly innervated by an inhibitory afferent
and the remaining three were dually innervated by an excitatory and an inhibitory synapse (Fig 4A). The reconstructed AIS
from KO (Fig 4B) had a total of 15 axonal protrusions, of which 10 were spines receiving 1—4 putative inhibitory afferents,
four were nonsynaptic, and the remaining one was a presynaptic terminal forming an asymmetric synapse onto an aspiny
dendrite (asterisk in Fig 4B). Shaft of this AlS formed another asymmetric synapse onto a separate aspiny dendrite.

Next, we analyzed the impact of Synpo deletion on LTP in the rat hippocampal area CA1. Field excitatory postsynaptic poten-
tials (fEPSPs) were recorded in s. radiatum of acute hippocampal slices from WT and KO. The stimulus/response curves did
not differ significantly between the WT and KO, suggesting basal synaptic transmission was not affected by the Synpo deletion
(Fig 5A). Stimulus intensities set to ~50% of maximal yielded comparable baseline fEPSPs across experiments and genotypes
(WT=0.95£0.10 mV/ms; KO=1.09+0.12; mean+SEM). A moderate LTP induction protocol, consisting of 3 trains of theta-burst
stimulation (TBS, 3T), revealed impaired LTP in slices from KO rats compared to WTs when measured 1 hr after TBS (Fig 5B).
However, by 2 hr after 3T, the difference in LTP magnitude between WT and KO was no longer statistically significant (Fig 5C). In
contrast, a stronger, saturating LTP protocol with 8 trains of TBS produced less LTP at both times in the KO (Figs 5D-F).

Table 2. Quantification of AIS and cisternal organelles.

N Serial Sections (n) | Sample volume (um?®) | AIS fragments (n) | AIS fragment lengths (range; pm) | Cisternal Organelles (total count)
WT | 2,2 | 297, 225 33,728, 26,578 17 7.2-385 118
KO 2,2 302,182 37,944, 21,988 14 9.7-614 0

N=number of animals, number of series.

https://doi.org/10.1371/journal.pone.0355625.t002
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Discussion

We report generation of two rat lines with congenital deletion of both exons 2 and 3 of Synpo using a CRISPR-Cas9 approach.
Although viable and comparable physically to WT rats at younger ages, adult KO rats exhibit reduced body weight and short-
ened limbs. Despite normal hippocampal histology, they lack both the spine apparatus and cisternal organelle and display
impaired long-term potentiation (LTP). As in KO mice, a subset of KO rats is susceptible to kidney stress in adulthood.

The basal excretory renal function in our rat KO (aged P58-105) is normal based on the SDMA data. In previous stud-
ies, dipstick proteinuria was not significantly different between KO and WT mice [5]. One mouse KO model had only exon
2 deleted, and expression of Synpo-T (an isoform encoded by exon 3) was elevated in the kidney of the KO [5]. When
these KO mice were challenged with lipopolysaccharides, a model of transient nephrotic syndrome, they recovered, but
more slowly than their WT counterparts. The delayed recovery was attributed to a slower re-formation of podocyte actin
filaments partially supported by Synpo-T. Another KO mouse model lacking all three Synpo isoforms did not develop
kidney abnormalities up to 12 months of age, but they were more susceptible to nephropathy induced by Adriamycin [21].
Since both exons 2 and 3 of the Synpo gene are deleted in the KO rat, all three Synpo isoforms are absent, which might
contribute to the acute renal failure observed in only 3 KO that were P105 or older. These results suggest that KO rats can
be studied during development and in young adulthood without concern for kidney malfunction.

KO rats older than P35 (females) or P45 (males) are smaller in stature than their WT littermates, as measured by body
weight. Young adult KO rats also have shorter limb bone length than WT. Additional studies with a larger cohort of ani-
mals from wider age range are needed to characterize the KO effect on body development more precisely. It is not known
whether the smaller stature of the KO might be secondary to subclinical levels of kidney dysfunction, which indirectly
affects calcium reabsorption [64,65], or due to a direct role for Synpo in musculoskeletal development. An RNA-seq study
of 11 organs in Fisher rats (age 2—104 weeks) showed that heart, muscle, and lungs express Synpo transcripts at least
as much as the brain and kidney, but bone tissue was not included [15]. Another northern blot analysis showed expres-
sion of Synpo mMRNA in the heart, skeletal muscle, and lung of the rat [14]. Previous reports from KO mice mentioned that
their appearance was indistinguishable from WT but did not measure body weight and bone dimensions even though they
might be affected [1]. Furthermore, the small size of mice makes it harder to detect and measure subtle but important dif-
ferences in bone length and body mass. Mice also express Synpo transcripts in the heart and lungs at 8 weeks, and limbs
at embryonic day 14.5 [16]. In addition, a recent study confirmed expression of both Synpo transcripts and proteins in the
striated and smooth muscles in mice [17]. Thus, the potential involvement of Synpo in limb maturation could confound
behavioral analyses, such as the reduced horizontal locomotor activity observed for KO mice in the open-field test [1].
Body weight may also affect performance in some motor tasks such as rotarod and rope climbing [66,67]. A more refined
approach to analyzing microstructure of behavior using the Behavioral Pattern Monitor [68] may also help characterize in
detail the potential KO effects on motor performance in both rats and mice. Being able to assess when during develop-
ment the gross body effects occur in the KO is thus an advantage for the rat KO model system.

SER is a continuous internal membrane that extends from the cell body into axons, dendrites, and some spines
[42,69-72]. SER regulates calcium dynamics and homeostasis, and the synthesis and trafficking of lipids and proteins
[73,74]. SER is a limited resource that makes brief visits to active spines [75], which may explain why SER occurs in less
than 15% of hippocampal CA1 spines at any one time [33,42,43]. We found a comparable proportion of dendritic spines
contains an SER tubule in both KO and WT rats (at P80), suggesting the capacity for SER to visit spines is not lost in the
Synpo KO.

The spine apparatus is a specialized structure derived from SER and dense plates containing Synpo [3,76]. In addition
to its SER-related functions, the spine apparatus is often associated with ribosomes and polyribosomes, indicating a role
in local protein synthesis [26,28]. Secretory pathway proteins found in the Golgi apparatus are also present in the spine
apparatus, suggesting involvement in local post-translational modifications critical for maturation and correct trafficking
of proteins [27]. In the adult hippocampus, the largest synapses occur on dendritic spines that contain SER, especially

PLOS One | https://doi.org/10.137 1/journal.pone.0355625 September 3, 2026 10/21




PLO\Sﬁ\\.- One

in the form of the spine apparatus. By 2 hours after the induction of LTP, the predominant type of SER contained in
spines shifts from a single tubule under control conditions to a fully elaborated spine apparatus [33]. LTP induces dra-
matic PSD enlargement in spines with SER, while spines without SER undergo a comparatively smaller increase in PSD
size. In addition, dendritic spines tend to cluster in the vicinity of large spines that contain SER. Intracellular trafficking
slows where the dendritic shaft SER branches or expands, allowing ER exit sites to locally deliver resources that support
clustered synapses [77]. High density spine clusters are longer and have more SER branches than low density clusters.
Following LTP, the density of spines in a cluster that has an SER-containing spine remains high and total synapse area
is elevated as these synapses enlarge. In contrast, spine density in a cluster without SER-containing spines remains low
or is further reduced following LTP. Furthermore, high-density clusters display fewer SER branches in the dendritic shaft
post-LTP, possibly reflecting migration of SER into spines to support PSD growth and elaboration of the spine apparatus
[33]. The spine apparatus is eliminated in the Synpo KO, yet qualitative observations suggest that spines of comparable
sizes could be found in the KO and WT of our rat and in the mouse [1]. Future work will be needed to determine whether
spines and synapses reach maximal size in the KO and whether clustering of small spines around enlarged spines can be
enhanced during plasticity.

Axo-axonic GABAergic interneurons, also known as Chandelier cells, selectively target the AlS of excitatory pyrami-
dal neurons in the hippocampal area CA1 and other excitatory pyramidal neurons throughout the brain. This network is
important in many normal brain functions such as slow wave sleep and circuit excitability [78]. Dysfunction of the axo-
axonic network has been linked to schizophrenia, epilepsy, and autism spectrum disorder [79]. Synpo is required for the
formation of cisternal organelles in the AIS of mice [2]. Hence, the absence of the cisternal organelle in the AIS of the CA1
pyramidal cells in our adult KO rat is expected. A previous report from the mouse neocortical pyramidal neurons showed
that inhibitory synapses cluster around the cisternal organelles [80]. Our qualitative observation based on a reconstructed
AIS suggests that this may also be the case in the rat hippocampal area CA1. Inhibitory synapses were still present along
the AIS in our KO rats, but they appear to be distributed more uniformly. These initial observations motivate future quanti-
tative studies, including cluster analyses, of how Synpo regulates the spatial relationship between the cisternal organelles
and inhibitory synapses along AlSs. Although LTP in CA1 is usually associated with glutamatergic synapses and plasticity
in other interneuron types (including those targeting dendrites or soma), the spatial arrangement of axo-axonic synapses
at the AIS could indirectly influence plasticity by modulating pyramidal neuron firing patterns [81].

Multiple factors could contribute to the differential impact of Synpo deletion on LTP in KO mice versus KO rats. In mice,
the greater neuronal density compared to rats can affect synaptic connectivity, network activity, neuronal excitability, as
well as the expression of synaptic plasticity [82—85]. We evaluated LTP induction and maintenance in adult KO rats using
3T and 8T TBS protocols consistent with one of the original KO mouse studies and our previous rat studies [1,38,86]. Both
protocols result in reduced LTP in the Synpo KO rat at 1 hr after induction. LTP remains impaired at 2 hr after induction
by 8T but not by 3T in the KO rats, contrasting with the KO mice that remained impaired at 2 hr after 3T [1]. LTP induction
protocols varied greatly across KO mouse studies, including tetanic stimulation at 100 Hz [1,46,48] versus TBS for 1T, 3T,
or 5T [1,45]. These distinct stimulation patterns could activate different molecular pathways [87] and recruit varying num-
bers of presynaptic axons. Age also plays an important role in LTP ranging from P15 to 6 months for the various studies
of LTP in KO mice. Zhang et al. showed, for example, that LTP was impaired in juvenile but not adult KO mice [45]. The
dramatic difference between the normal developmental onset and maturation of LTP across ages P18-P37 in mice [51]
contrasts with the discrete onset age at P12 in the rat [53], which likely contributes to the differential effects between mice
and rats of Synpo KO on the expression of LTP. The Synpo KO rat could serve as a valuable tool to assess whether the
developmental upregulation of Synpo [40,41] and formation of the spine apparatus [42,43] are necessary for the matura-
tion of synapses, spine clustering, and LTP [33,39].

The spine apparatus plays a critical role in human health and disease, as demonstrated by its aberrant morphology
in neurodegenerative and peritumoral brain tissue [88]. Downregulation of Synpo has also been linked to Alzheimer’s
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disease, inflammation, stress, and embryonic hypoxia [9,89-93]. Emerging evidence also supports the use of Synap-
topodin as a biomarker for other neural diseases, including frontotemporal dementia, multiple sclerosis, and acute brain
injury [8,10,12].

The effect of Synpo deletion on bone development and body growth could be mitigated by a tissue- and time-
specific deletion strategy, using, for example, the Cre-lox recombination system [94,95]. Such an approach would allow
the animals to develop normally into adulthood before the gene of interest is excised in an inducible manner. However, an
inducible KO model is not practical to assess the role of Synpo during development because the Synpo protein has a half-
life of about 10 days and is expressed soon after birth by P5, which is well before the spine apparatus forms [41,42,96].
Our congenital KO rat is thus a valuable resource for investigating the function of Synpo during the first 40 postnatal days
of life when animals show little or no confounding kidney, bone, or weight gain defects.

Materials and methods

This study was carried out in accordance with the US National Research Council’s Guide for the Care and Use of Labo-
ratory Animals, the US Public Health Service’s Policy on Humane Care and Use of Laboratory Animals, and the Guide for
the Care and Use of Laboratory Animals. All animal procedures were approved by the Institutional Animal Care and Use
Committee at The University of Texas at Austin. All rats were housed under 12-hr light/dark cycles with water and food
available ad libitum in an AAALAC-accredited facility managed by the UT-Austin Animal Resource Center. All efforts were
made to minimize suffering.

Congenital synaptopodin knockout lines

The Synpo KO lines were generated at Mouse Genetic Engineering Facility at UT-Austin (RRID:SCR_021927) using

an approach based on the CRISPR-Cas9 system. Synthetic guide RNAs were designed to target 5’ and 3’ regions
flanking the protein-coding regions of the Synpo gene, exons 2 and 3, using CRISPOR (version 4.7; https://crispor.org;
RRID:SCR_015935; [97]) (Fig 1A and S1 File). These guide RNAs were predicted by CRISPOR to be highly specific, and
there are no potential off-target sequences in known exons or on chromosome 18, where Synpo gene is located. Using
well-designed guide RNAs should make off-target mutations rare and indistinguishable in frequency from naturally occur-
ring mutations [98]. Should there be such an off-target mutation on another chromosome, it is likely to be lost during addi-
tional breeding since that chromosome is not being selected for. The efficacy of the guide RNAs was tested in cultured rat
embryos, and the best ones were then used in vivo. The guide RNA was delivered by microinjection of a ribonucleoprotein
containing a high-fidelity Cas9 enzyme (HiFi Cas9 nuclease, IDT) for short half-life to reduce the editing window. Injection
of the 5" and 3’ guide RNAs together into rat embryos resulted in two founder lines with congenital Synpo deletion (Fig 1B,
lanes 1 and 2). These lines were bred and maintained separately because their alleles differ in the genomic location of
the breakpoints (see S1 File). Genotypes of the animals were confirmed before weaning (P10-17) and again at the time
of euthanasia for experiments (genotyping performed by Transnetyx, Cordova, TN). The lines were generated and main-
tained in the Long-Evans background (Charles River strain 006; Crl:LE; RRID:RGD_2308852), and a new WT rat was
introduced about every 5 generations to prevent genetic drift. The KO lines are designated as LE-Synpo®™’*m" (RRID:R-
RRC_00964) and LE-Synpo®m?mh (RRID:RRRC_01025) and have been registered with the Rat Genome Database
(https://rgd.mcw.edu) as RGD ID 155782907 and RGD ID 616335891, respectively.

Vaginal smear cytology

All adult female rats were used during diestrus when circulating estradiol is low and relatively stable. The vaginal smear
cytology was measured on the day of the experiment and several days prior. The estrous cycle of each rat was moni-
tored by performing daily vaginal lavage using 20 pl sterile saline and recording cell morphology on glass slides under an
upright microscope at 10 x magnification. Diestrus is characterized by the highest proportion of leukocytes [99—101].
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Brain and kidney tissue for light microscopy

For immunofluorescence labeling and histology staining, the rats (n=2 females and 1 male per genotype; P80;
LE-Synpoem2kmh) were rapidly decapitated under heavy isoflurane anesthesia. The brain was removed from the cra-
nium, rinsed with phosphate-buffered saline (PBS), and bisected along the midline. Both hemispheres were placed
on a metal spatula with the cut surface down and frozen in 2-methyl butane cooled with dry ice. The kidney was
also dissected out and frozen as a whole in the same manner. The frozen tissue was stored at -80°C until being cut
into sections at 20 ym thickness using a cryostat. The brain sections were cut in the parasagittal plane. The sec-
tions were mounted on glass microscope slides and were stored at —80°C until they were used for immunolabeling
or histology staining.

Immunofluorescence labeling

The slide-mounted sections were thawed and fixed in 4% formaldehyde in 0.1 M phosphate buffer (PB; pH=7.4) for 20
min at RT. After PBS washes, the sections were incubated with blocking solution (Animal-Free Blocker® and Diluent;
Vector Laboratories, Newark, CA; catalog# SP-5035) containing 0.3% Triton X-100 for 1 hr. The sections were then incu-
bated with rabbit anti-synaptopodin (1:500; Synaptic Systems, Goéttingen, Germany; catalog# 163002; RRID:AB_887825)
in PBS with the Vector blocking reagent and 0.3% Triton X-100 for overnight at RT. Following PBS washes, the sections
were incubated with goat anti-rabbit IgG conjugated with Alexa Fluor 488 (1:100; Thermo Fisher Scientific, Waltham, MA;
catalog# A-11034; RRID:AB_2576217) in the same diluent for 1 hr at RT. The sections were washed with PBS and stained
with 4',6-diamidino-2-phenylindole (DAPI) for 5 min. Following washes with PBS and saline (0.9% NaCl, aq), coverslips
were applied with Aqua-Poly/Mount anti-fade mountant (Polysciences, Warrington, PA; catalog# 18606). In control exper-
iments, the primary antibody was omitted to confirm the lack of non-specific binding of the secondary antibody, and both
the primary and secondary antibodies were omitted to assess background autofluorescence. The primary antibody was
raised against a recombinant peptide corresponding to amino acids 331-452 of the mouse Synpo that is conserved in the
rat. This antibody recognizes all isoforms of Synpo, and its specificity has been validated by Western blot with brain tissue
from the Synpo KO mouse by the manufacturer.

Epifluorescence images were acquired with a 2.5 x objective on a Zeiss Axio Observer 5 microscope equipped with
a Zeiss Axiocam 705 CMOS camera controlled by the ZEN software (version 3.2; RRID:SCR_013672). The Synpo
signal was visualized with a filter set for excitation at 450—490 nm and emission at 500—-550 nm. The DAPI signal was
visualized with a filter set for excitation at 365 nm and emission at 420-470 nm. For both channels, the exposure time
was determined by imaging the hippocampus in a Synpo-labeled WT section and applied to all sections from both
genotypes.

Histology

The slide-mounted sections were thawed and fixed in 4% formaldehyde as described above. After being washed in
purified water, the sections were stained with Cresyl Violet (FD NeuroTechnologies, Columbia, MD; catalog# PS102-01).
Following dehydration in ascending grade of ethanol and clearing in xylene, coverslips were applied with DPX mountant.
Brightfield images encompassing the hippocampus and the overlaying neocortex were acquired with a 2.5 x objective on
the same Zeiss Axio Observer 5 microscope using Kohler illumination.

The thickness of layers in the dorsal hippocampal area CA1 was measured from images of parasagittal sec-
tions (2 per animal) that best corresponded to 1.4 mm lateral according to a rat brain atlas [102]. FIJI (https://fiji.sc/;
RRID:SCR_002285; [103]) was used for the measurement along the line that intersects the most dorsal point of the hippo-
campus and is perpendicular to stratum pyramidale, from the border between alveus and stratum oriens to the hippocam-
pal fissure. Four individual experimenters independently performed measurements masked as to the genotype and the
measured thickness was averaged per layer per section.
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3DEM

For electron microscopy, the rats (n=2 females per genotype; P80; both LE-Synpo®™™®™" and LE-Synpo®™2m") were perfusion-
fixed under deep isoflurane anesthesia and tracheal supply of oxygen [104]. The perfusion procedure involved a brief (up to ~20
s) wash with oxygenated Krebs-Ringer Carbicarb buffer (concentration in mM: 2.0 CaCl,, 11.0 D-glucose, 4.7 KCI, 4.0 MgSO,,
118 NaCl, 12.5 Na,CO,, 12.5 NaHCO,; pH 7.4; osmolality 300-330 mmol/kg), followed by fixative containing 2.0% formaldehyde,
2.5% glutaraldehyde, 2 mM CaCl,, and 4 mM MgSO, in 0.1 M cacodylate buffer (pH 7.4) for ~1 hr, during which ~1.9 L of fixative
was used per animal (both aldehydes from Ladd Research, Essex Junction, VT). The brains were removed from the skull about
1 hr after the end of perfusion, and stored in the same fixative overnight at RT.

The perfusion-fixed brain tissue was cut into parasagittal sections (250 um thickness) with a Leica VT1000S vibrating
blade microtome. After washes in 0.15 M sodium cacodylate buffer (pH=7.4), the tissue containing the dorsal hippocam-
pus was stained en bloc with reduced osmium (2% osmium tetroxide and 3% potassium ferrocyanide in 0.15 M caco-
dylate buffer) for 45 min followed by washes in the buffer. The tissue was then treated with 320 mM pyrogallol (aq) for
1 hr. After washes in the buffer, the tissue was stained with 2% osmium tetroxide for 45 min, followed by washes in the
buffer and purified water. The tissue was then dehydrated in an ascending series of acetonitrile (25%, 50%, 75%, and
twice in 100%). The 50% and 75% acetonitrile solutions also contained 2% uranyl acetate for en bloc staining for 20 min
each. The tissue was infiltrated and embedded into low-viscosity epoxy resin composed of EMBed-812, nonenyl succinic
anhydride, nadic methyl anhydride, and benzyldimethylamine at 60°C for 48—60 hr (all resin components from Electron
Microscopy Sciences [EMS], Hatfield, PA; [105]). The resin embedded tissue was trimmed to the surface of ~80 um x 800
pMm, exposing the area CA1 of the dorsal hippocampus encompassing the s. oriens and s. radiatum. Then, 182-302
serial ultrathin sections (nominal thickness of 45 nm) were obtained using a DIATOME 35° diamond knife on a Leica UC7
ultramicrotome. The sections were collected using Synaptek Be-Cu slot grids (EMS or Ted Pella, Redding, CA) that were
coated with polyetherimide.

For analysis of the spine apparatus, the serial sections were imaged from the middle of s. radiatum (image field cen-
tered at ~125 ym from the apical face of s. pyramidale), masked as to condition, with a transmission-mode scanning EM
(tSEM; Zeiss SUPRA 40 field-emission SEM with a retractable multimode transmitted electron detector and ATLAS pack-
age; [106]). For the cisternal organelle, the image field centered around the border between strata oriens and pyramidale.
The scan beam at the accelerating voltage of 28 kV was set for a dwell time of 1.3 ps. Each section was imaged from a
single field encompassing 49.155 um x49.155 pym (24,576 pixels x 24,576 pixels at 2 nm/pixel). The serial tSEM images
were aligned using signal whitening Fourier transform [107] deployed at 3dem.org. EM series with the aligned images
were assigned a 5-letter code to mask the identity and genotype of the animal and imported into PyReconstruct (https://
github.com/synapseweb/pyreconstruct; RRID:SCR_027562; [108]). The pixel size was calibrated using a grating replica
(EMS, catalog# 80051), and the average section thickness was calculated with the cylindrical diameter method [109].

Electrophysiology

Male rats (P80-172; n=7 for WT and n=8 for KO) from the line LE-Synpo®™?%™ were used to prepare acute hippocampal
slices. None of the KO rats used in these experiments showed any signs of renal failure. The animals were deeply anes-
thetized with isoflurane and decapitated with a guillotine. The brain was removed from the cranium, and the left hippocam-
pus was dissected out and rinsed with room temperature artificial cerebrospinal fluid (aCSF) containing (in mM) 117 NaCl,
5.3 KCl, 26 NaHCO,, 1 NaH2PO,, 2.5 CaCl,, 1.3 MgSO,, and 10 D-glucose, pH 7.4, and bubbled with 95% O,-5% CO,,.
Slices (400 um thick) from the dorsal hippocampus were cut at 70° transverse to the long axis on a Stoelting tissue chop-
per and transferred in oxygenated aCSF to the 4 chambers in the Synchroslice system (Lohmann Research Equipment,
Castrop-Rauxel, Germany). The dissection and slice preparation took <6 min, which is crucial timing for enduring LTP

that lasts >3 hr [110]. Hippocampal slices were placed on a net at the liquid-gas interface between 32—-33°C aCSF and a
humidified 95% O,-5% CO, atmosphere. After 3 h of incubation, the stimulating and recording electrodes were positioned
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~400 pm apart in the middle of hippocampal CA1 s. radiatum with the stimulating electrode on the CA3 side. Stimuli con-
sisted of 200 ps biphasic current pulses, lasting 100 ps each for positive and negative components of the stimulus. Test
pulses (50-250 pA) were given at 1 pulse per 2.5 min unless stated otherwise, and field excitatory postsynaptic potentials
(fEPSPs) were recorded. The initial fEPSP slope was ~50% of the maximal fEPSP slope based on the input/output curve
for each slice. LTP was induced by three (3T) or eight trains (8T) of TBS with 30 s intervals. Each train of TBS contained
10 bursts at 5 Hz, and each burst contained 4 pulses at 100 Hz.

The delivery of presynaptic stimulation and the acquisition and analysis of fEPSPs were performed with SynchroBrain
software (Lohmann Research Equipment). The initial maximum slope was measured over a 0.3—0.5 ms period with
position on the waveform held constant in each slice. To calculate the magnitude of LTP, the average of fEPSP slopes
during the last 30 min of baseline recordings before the delivery of the TBS was computed and then compared to the
average values during the last 20 min of each 1 h or 2 h session following delivery of TBS. Then values across slices
(means £ SEM) were presented as times baseline, where 1 indicated no change in the fEPSP slope relative to the pre-
TBS baseline. Up to four slices could be recorded simultaneously from a single animal. Typically, two LTP induction pro-
tocols (3T and 8T) were performed in the same animal. Each slice was treated as an independent data point for the LTP
analysis, and values were averaged across slices within each protocol group (see additional data deposited at the Texas
Data Repository, indicated under “Data and code availability”). For each recorded slice, LTP was calculated as the mean
of 9 normalized fEPSP values obtained during the last 20 min of recording (40—60 min frame for 1 h LTP and 97.5-117.5
min frame for 2 h LTP). For each genotype-protocol combination, the individual means were averaged across slices.

Blood sample collection

Blood samples (100 pl per animal) were collected from rats (P58-105, n=16, 4 per genotype per sex; LE-Synpoem2kmh)
immediately after euthanasia and were centrifuged at 2500 rpm for 15 min. The resulting serum sample was shipped over-
night on ice to be analyzed for symmetric dimethylarginine (SDMA) levels by IDEXX (Westbrook, ME).

Anatomical measurements

The body weight was measured three times a week from P25 to P100 (n=6 each for male WT and KO; n=6 for female
WT and n=3 for female KO; both LE-Synpo®"’km" and LE-Synpo®™?km"), Because not all animals were weighed on the
same days, data was averaged into 4-day bins, with each bin containing measurements for 3 animals. Not all bins con-
tained the same 3 rats.

For measuring bone length, the forelimb and hindlimb were removed from euthanized rats (P58-72, n=12, 3 per
sex per genotype; LE-Synpo®m?¢m") The skin and large muscles were removed with surgical tools, and the remain-
ing soft tissue was dissolved by overnight incubation with agitation at 50°C in a 5% aqueous solution of laundry
detergent containing enzymes and oxygen bleach (Pro-Enzyme Laundry Detergent, Absolute Best Cleaning Prod-
ucts LLC, Brookings, SD). The bones were then rinsed in water, and the length was measured from the ulna and
tibia using calipers.

Statistics

GraphPad Prism (https://www.graphpad.com/; RRID:SCR_002798) was used for statistical tests described in each figure.
All data are reported as mean + SEM unless otherwise noted.

Resource availability

Lead contact. Requests for further information and resources should be directed to and will be fulfilled by the lead
contact, Masaaki Kuwajima (masa@mail.cim.utexas.edu).
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Materials availability

Rat lines generated in this study have been deposited to the Rat Resource and Research Center (Columbia, MO; https://
www.rrrc.us), under the designations LE-Synpo°™®m" (RRID:RRRC_00964) and LE-Synpo®"?*m™ (RRID:RRRC_01025).

Additional resources

The Harris lab wiki describing details of 3DEM procedures (perfusion-fixation, tissue processing, and imaging): https://
cloud.wikis.utexas.edu/wiki/spaces/khlab/.

Supporting information
S1 Fig. Original gel image used in Fig 1B.
(PDF)

$1 File. Information on CRISPR Reagents and Genotyping.
(DOCX)
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