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Abstract

CRIPT, the cysteine-rich PDZ-binding protein, binds to the third PDZ domain of PSD-95 

(postsynaptic density protein 95) family proteins and directly binds microtubules, linking PSD-95 

family proteins to the neuronal cytoskeleton. Here, we show that overexpression of full length 

CRIPT leads to a modest decrease and knockdown of CRIPT leads to an increase in dendritic 

branching in cultured rat hippocampal neurons. Overexpression of truncated CRIPT lacking the 

PDZ-domain binding motif, which does not bind to PSD-95, significantly decreases dendritic 

arborization. Conversely, overexpression of full length CRIPT significantly increases the number 

of immature and mature dendritic spines, and this effect is not observed when CRIPTΔPDZ is 

overexpressed. Competitive inhibition of CRIPT binding to the third PDZ domain of PSD-95 with 

PDZ3-binding peptides resulted in differential effects on dendritic arborization based on origin of 

respective peptide sequence. These results highlight multifunctional roles of CRIPT during 

development and underscore the significance of the interaction between CRIPT and the third PDZ 

domain of PSD-95.
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Introduction

The highly branched morphology of the neuronal dendritic arbor allows for the induction of 

synaptic plasticity and enables regulation of information input, integration, and ultimately, 

output, to the rest of the neural circuit [1–3]. Proper regulation of these processes is crucial 

for neuronal function and synaptic transmission, and abnormal development of the dendritic 

arbor contributes to a host of neurodevelopmental and neuropsychiatric disorders [4–7]. 

Additionally, alterations in spine density and morphology and abnormal synaptic plasticity 

contribute to aberrant synaptic and neural signaling as the distribution pattern of synapses 

and properties of each synapse determine the input and output parameters of an individual 

neuron [8,9]. Thus, understanding the molecular mechanisms that regulate dendritic 

arborization (the number and placement of dendrites) and spine formation (formation of 

dendritic protrusions where excitatory synaptic input occurs) during development is essential 

for future advances in treatments for developmental disorders.

Microtubules serve as the structural building blocks for dendrites [10–12]. They rapidly 

polymerize and depolymerize, and tight regulation of rapid spatial and temporal 

reorganization of the cellular cytoskeleton is essential for rapid remodeling of dendrites and 

spines to promote dendritic and synaptic plasticity [13–15]. Microtubule dynamics are 

regulated by microtubule assembly, promoting, stabilizing, and destabilizing factors, 

microtubule severing proteins, and kinesin and dynein family microtubule motor proteins 

[13]. Many of these factors have been implicated in regulating dendritic outgrowth and 

branching and spinogenesis [16]. Postsynaptic density 95 protein/synapse-associated protein 

90 (PSD-95/SAP90) is a member of the membrane-associated guanylate kinase (MAGUK) 

superfamily of PDZ-domain containing scaffold proteins, including PSD-93/chapsyn-110, 

SAP-97, and SAP-102. [17] PSD-95 is involved in the synaptic targeting of receptors and 

signaling proteins and in regulation of dendritic spine morphology [18,19]. We recently 

reported that PSD-95 negatively regulates dendritic arborization by altering microtubule 

dynamics [20,21]. PSD-95 binds to the +TIP microtubule end-binding protein 3 (EB3) and 

+TIP binding protein adenomatous polyposis coli [22] to disrupt microtubule assembly 

[23,21] and cause microtubule bundling [24,20]. Furthermore, overexpression of PSD-95 

increases spine maturation [18], supporting a role for PSD-95 during multiple phases of 

neuronal development.

To understand how PSD-95 acts to shape the dendritic arbor and spines during development 

via microtubule-dependent mechanisms, we performed experiments to determine whether 

the interaction of PSD-95 with the cysteine-rich PDZ-binding protein (CRIPT) regulates 

PSD-95 action during neuronal development. CRIPT, a 12 kDa protein that binds to the third 

PDZ domain (PDZ3) of PSD-95 and family members, directly binds microtubules, linking 

the microtubule cytoskeleton and PSD-95 family scaffolding proteins [25,26,17]. Currently, 

the precise functional role of CRIPT has not been completely elucidated. Transgenic mice 
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homozygous for the CRIPTtm1.1(KOMP)Vlcg null allele die in the period between fertilization 

and weaning, supporting the significance of CRIPT during development [27]. To date, three 

patients with defects in the CRIPT gene have been reported. Two unrelated patients with 

primordial dwarfism (PD) were found to have different truncating mutations in CRIPT [28]. 

This study did not focus on brain alterations; however, the authors proposed a proliferation 

deficit. A recent study also reported on a third patient with biallelic mutations in the CRIPT 

gene, presenting growth retardation, microcephaly, and developmental delay [29]. This 

patient was heterozygous for c.8G>A (p.C3Y) variant in exon 1 and an exon 1 deletion. 

Based on our data, a lack of CRIPT could result in aberrant dendritic arborization and 

spines, and hence, neuronal connectivity, leading to functional abnormalities, such as 

language delay and complex partial seizures observed in the patient. Further examination of 

CRIPT function during development is necessary to definitively determine whether mutant 

CRIPT plays a role in aberrant dendritic arborization and dendritic spine formation in these 

clinical cases.

It was recently reported that CRIPT is necessary, but not sufficient, for promoting dendritic 

arborization in mammalian spinal cord neurons, and nematodes that lack CRIPT show a 

decreased dendritic branching phenotype [30]. Here, in contrast to spinal cord neurons and 

Caenorhabditis elegans neurons, we demonstrate the novel finding that CRIPT 

overexpression in mammalian hippocampal neurons modestly decreases proximal dendrite 

branching, while overexpression of CRIPT lacking the PDZ-domain binding motif 

substantially decreases dendritic arborization. Additionally, we show that CRIPT 

overexpression increases the number of dendritic spines, and we demonstrate that these 

effects are dependent on the PDZ-domain binding motif of CRIPT. Furthermore, we show 

that competitive inhibition of CRIPT binding to PSD-95 with linear peptide ligands based on 

the carboxyl terminal of CRIPT, but not on a general PDZ3 binding consensus sequence, 

decreases dendritic branching in hippocampal neurons. Taken together, our data support a 

regulatory role of the interaction between PSD-95 and CRIPT in dendritic arborization and 

spine number.

Results

Overexpression of CRIPT alters dendrite arborization in a PDZ domain-binding dependent 
manner

Previous studies by our group show that PSD-95 negatively regulates dendritic arborization 

by altering microtubule dynamics via an association between PSD-95 and the +TIP EB3 

[20,21]. Furthermore, immunostaining studies show that CRIPT, PSD-95 and MAP2 co-

localize in immature neurons (Supplementary Fig. 1). As CRIPT directly interacts with the 

PDZ3 domain of PSD-95 and directly binds to microtubules, we asked if CRIPT also plays a 

functional role in the regulation of dendritic arborization [24,25]. To test this, we 

overexpressed CRIPT in primary rat hippocampal neurons on day in vitro (DIV) 7 and 

assessed dendritic arborization on DIV 12 using Sholl analysis [31–33]. We quantified 

CRIPT expression by immunostaining transfected neurons with antibody against CRIPT and 

confirmed that neurons transfected with CRIPT cDNA express significantly higher levels of 

CRIPT compared to control neurons transfected with GFP (Supplementary Fig. 2). CRIPT 
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overexpression resulted in decreased dendritic branching proximal to the soma (Fig. 1a, b, 

c), and overexpression of a truncated version of CRIPT, CRIPTΔPDZ, further decreased 

dendritic branching proximally and distally to the soma (Fig. 1a, b, c). More specifically, 

neurons overexpressing CRIPTΔPDZ showed significant decreases in number of secondary 

dendrites (Fig. 1e), number of tertiary and higher order dendrites (Fig. 1f), total number of 

segments (Fig. 1g), total number of branch points (Fig. 1h) and total number terminal points 

(Fig. 1i) when compared to control neurons. Overexpression of CRIPT or CRIPTΔPDZ did 

not affect number of primary dendrites (Fig. 1d), the length of primary (Fig. 1j), secondary 

(Fig. 1k) or higher order dendrites (Fig. 1l), nor total dendrite length (Fig. 1m). Taken 

together, these data support the hypothesis that CRIPT regulates dendritic arborization in 

hippocampal neurons and that the PDZ-binding domain of CRIPT plays a significant role in 

modulating dendrite branching.

CRIPT overexpression increases spine density in a PDZ-binding domain-dependent 
manner

CRIPT directly binds to PSD-95 and microtubules and is abundant in synaptic spines [25]. 

As such, we hypothesized that CRIPT regulates spine morphogenesis during development. 

To test this, we transfected rat hippocampal neurons with cDNA encoding CRIPT or 

CRIPTΔPDZ on DIV 14 and assessed spine density and morphology on DIV17 using 

confocal microscopy. Interestingly, overexpression of CRIPT resulted in increased number 

of dendritic spines (Fig. 2a, b). CRIPT, but not CRIPTΔPDZ, overexpression increased the 

number of mushroom (Fig. 2c) and immature spines (Fig. 2d) but not filopodia (Fig. 2e). 

Expression of CRIPT lacking the PDZ-domain binding motif did not affect dendritic spine 

density and morphology, compared to control, suggesting that the PDZ-domain binding 

motif is crucial for CRIPT-mediated changes to spines or that CRIPTΔPDZ acts as a 

dominant-negative mutant by attenuating the interaction of PSD-95 with microtubules. In 

addition, overexpression of CRIPT or CRIPTΔPDZ did not affect spine length (Fig. 2f), 

spine head width (Fig. 2g), spine neck width (Fig. 2h) and head to neck length ratio (Fig. 2i).

PSD-95-binding peptides reduce the interaction between CRIPT and PSD-95

To further investigate the role of CRIPT in dendritic arborization during development, we 

performed an additional set of experiments that do not rely on overexpression but instead use 

peptides to uncouple PSD-95 interactions with other proteins. Specifically, we used a series 

of previously described PSD-95-binding peptides based on either the CRIPT C-terminus 

(YKQTSV) or a PDZ3-binding consensus sequence generated from library data (KKETEV) 

[34]. Peptides were further modified to either include an Fmoc group at the amino terminus 

to increase the binding affinity for PDZ3 (data unpublished) or amino terminal 

myristoylation (N-Myr) to facilitate cell permeabilization [35] (Fig. 3a, b, c, d). As these 

peptide sequences have an affinity for PDZ3, we hypothesized that they would compete with 

CRIPT for binding to PSD-95, and thus, could be used to assess how the competitive 

inhibition of CRIPT and PSD-95 interaction affects dendritic arborization. Nomenclature for 

the peptides follows: HMC2058 (Fmoc CRIPT C-terminus), HMC2044 (myristoylated 

CRIPT C-terminus), HMC2049 (Fmoc PDZ3-binding consensus sequence), and TW1036 

(myristoylated PDZ3-binding consensus sequence). To examine whether PSD-95-binding 

peptides affect the interaction between CRIPT and PSD-95, we performed a co-
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immunoprecipitation assay in which PSD-95 was immunoprecipitated in the presence of 

different amounts of peptides and assessed the amount of CRIPT that co-

immunoprecipitated with PSD-95 using Western blot analysis. Incubation of brain lysates 

with peptides bearing the Fmoc group, HMC2058 and HMC2049, at 1μM, 10μM, and 

100μM during immunoprecipitation resulted in a robust decrease in the amount of co-

immunoprecipitated CRIPT (Fig. 3e; Supplementary Fig. 3–5). In contrast, of the two 

myristoylated peptides, only incubation with 100μM HMC2044 resulted in a significant 

decrease in the amount of co-immunoprecipitated CRIPT, while incubation with HMC2044 

at lower concentrations and with TW1036 at all concentrations tested did not affect the 

amount of co-immunoprecipitated CRIPT (Fig. 3f), consistent with the idea that these 

peptides bind with lower affinity to PDZ3 than does CRIPT.

PSD-95-binding peptides based on the CRIPT C-terminus decrease dendritic arborization

To assess whether competitive inhibition of the interaction between PSD-95 and CRIPT 

affects dendritic arborization, we transfected rat primary hippocampal neurons with cDNA 

encoding mRFP (to visualize dendrites) on DIV9, treated with 100μM of respective PSD-95-

binding peptides, or vehicle (0.1% DMSO) on DIV10 for 48 h, and analyzed dendritic 

branching on DIV12 with Sholl analysis. The timing of this treatment corresponds to the 

period of active dendritic branching in our cultures [20]. Thus, any changes observed are 

most likely due to inhibition of branching rather than pruning, which occurs a bit later in 

culture [20,36].Treatment of hippocampal neurons with PSD-95-binding peptides based on 

the C-terminus of CRIPT, HMC2058 and HMC2044, significantly reduced dendritic 

arborization compared to treatment with DMSO vehicle (Fig. 4a,c). HMC2049, based on the 

PDZ3-binding consensus sequence with an added Fmoc group, did not alter dendritic 

arborization as determined by Sholl analysis (Fig. 4b). Surprisingly, TW1036, which is also 

based on the PDZ3-binding consensus sequence except with amino terminal myristoylation 

instead of Fmoc, reduced dendritic branching at distal regions from the soma at 50μm to 

150μm (Fig. 4c). Treatment with peptides based on the C-terminus of CRIPT, HMC2058 

and HMC2044, significantly reduced the number of secondary dendrites (Fig. 4e), higher 

order dendrites (Fig. 4f), segments (Fig. 4g), branch points (Fig. 4h), and terminal points 

(Fig. 4i). Treatment with HMC2044, but not HMC2058, significantly reduced the number of 

primary dendrites (Fig. 4d). Treatment with HMC2058 or HMC2044 did not affect primary 

(Fig. 4j), secondary (Fig. 4k), higher order (Fig. 4l) dendrites, or total dendrite length (Fig. 

4m). Notably, of the two peptides based on the PDZ3-binding consensus sequence, treatment 

with HMC2049 (bearing the Fmoc group) resulted in significantly increased number of 

primary dendrites (Fig. 4d), decreased number of secondary dendrites (Fig. 4e) and higher 

order dendrites (Fig. 4f), and did not affect number of segments (Fig. 4g), branch points 

(Fig. 4h), or terminal points (Fig. 4i). Moreover, HMC2049 treatment significantly increased 

secondary (Fig. 4k) and total dendrite length (Fig. 4m), but did not affect primary (Fig. 4j) 

and higher order dendrite length (Fig. 4l). In contrast, the other peptide based on the PDZ3-

binding consensus sequence, treatment with TW1036 (containing the myristoyl group) did 

not affect the number and length of dendrites (Fig. 4d–m). Taken together, these results 

suggest that the interaction of PSD-95 with CRIPT shapes the dendritic arbor distinctly from 

the interaction of PSD-95 with other PDZ3-binding proteins.
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CRIPT knockdown increases dendritic arborization and proximal dendritic length

To investigate whether decreased CRIPT expression results in changes to dendritic 

arborization, we transfected rat hippocampal neurons with cDNA encoding eGFP (to trace 

dendrites) and either negative control siRNA or CRIPT siRNA on DIV7 and assessed 

dendrite branching on DIV12. Transfection with CRIPT siRNA resulted in approximately 

65% decrease in CRIPT expression (Fig. 5a). Decreased CRIPT expression resulted in 

increased dendritic arborization as determined by Sholl analysis (Fig. 5b,c). Transfection 

with CRIPT siRNA increased higher order dendrites (Fig. 5f), segments (Fig. 5g), primary 

dendrite length (Fig. 5j), and secondary dendrite length (Fig. 5k) but had no effect on 

numbers of primary and secondary dendrites (Fig. 5 d,e), branch and terminal points (Fig. 

5h,i), or higher order and total dendrite length (Fig. 5 l,m). Since knockdown of CRIPT 

resulted in opposite effects on the dendritic arbor than does overexpression of CRIPT, our 

data suggest that CRIPT regulates dendrite growth and branching.

Discussion

Proper regulation of the processes underlying dendritogenesis is essential for appropriate 

synaptic and neuronal circuit function. Aberrations in dendritic arborization and spine 

formation during development result in a multitude of neuropsychiatric and developmental 

disorders, which significantly impair neurocognition. Here, for the first time, we show 

distinct effects of CRIPT and CRIPTΔPDZ overexpression on dendritic arborization and 

spinogenesis in hippocampal neurons. CRIPT overexpression results in a modest decrease in 

dendritic branching proximal to the soma and a significant increase in number of immature 

and mature synaptic spines (Fig. 6b). Truncation of the PDZ-binding domain of CRIPT 

resulted in significant decreases in dendritic branching proximal and distal to the soma, 

significant decreases in number of secondary, higher order, and total dendrites, and 

elimination of increased spinogenesis observed with overexpression of full length CRIPT 

(Fig. 6c). We also show that PSD-95-binding peptides based on the CRIPT carboxyl 

terminus compete with CRIPT for PSD-95 binding and that treatment of neurons with these 

peptides results in significant decreases in proximal and distal dendritic branching, which 

mimic those observed with CRIPTΔPDZ overexpression. Our results highlight the 

significance of the CRIPT PDZ-domain binding motif in dendritic arborization and spine 

formation during development.

The data reported in this study complement previous investigations of CRIPT and its role in 

dendritic arborization and in anchoring PSD-95 to the synaptic cytoskeleton during 

development [25,26,30,37]. PSD-95 family scaffolding proteins are essential components of 

the PSD as they organize and regulate postsynaptic neurotransmitter receptor trafficking, 

coordinate downstream postsynaptic signaling enzymes, and promote the structural 

arrangement of the postsynaptic cytoskeleton [38]. Early stage excitatory synaptic contacts 

contain a greater amount of SAP-102 than other PSD-95 family members, and through cell 

adhesion signaling, SAP-102 initiates recruitment of pre- and postsynaptic machinery, which 

travel to synaptic sites via microtubules in distinct complexes [39]. PSD-95 is one of the first 

proteins found in the PSD and is an essential scaffolding backbone of the PSD, as PSD-95 
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remains stabilized in position while a dynamic matrix of PSD machinery undergoes rapid 

and extensive changes in structure in response to synaptic activity [8,17].

CRIPT, one of the few identified PDZ3 ligands, induces filamentous redistribution of 

PSD-95 to microtubules through its carboxyl terminal PDZ3-binding motif [25]. We 

previously demonstrated that overexpression of PSD-95 prior to DIV12 in cultured 

hippocampal neurons decreases dendritic arborization up to 100μm away from the soma by 

disrupting microtubule organization at dendritic branch points [21]. The decrease in 

dendrites we observed here when CRIPTΔPDZ is overexpressed is similar to the decrease in 

dendrites we observed when PSD-95 is overexpressed. This notion is further supported by 

the similarity in deficits in dendrite branching observed when we treated rat hippocampal 

neurons with PSD-95-binding peptides based on the carboxyl terminus of CRIPT. Treatment 

with either of the two peptides based on the CRIPT carboxyl terminus decreased dendritic 

arborization in a similar manner to CRIPTΔPDZ and PSD-95 overexpression, with greater 

proximal deficits by treatment with HMC2044, which we attribute to greater cell 

permeabilization, due to the myristoylation.

We were surprised to observe marginal decreases in dendrites proximal to the soma when we 

overexpressed full length CRIPT and attribute this to saturation of CRIPT-mediated 

regulation of dendritogenesis at baseline. Recently, it was shown that CRIPT knockdown in 

rat spinal cord neurons decreases total number of dendritic branches and total length of the 

dendritic arbor [30]. This observed effect is similar to that seen with CRIPTΔPDZ 

overexpression in the present study, and taken together, these results suggest that full length 

CRIPT is required for proper dendritogenesis during development. Moreover, the same study 

found no effect on dendritic arborization in spinal cord neurons when CRIPT or a 

palmitoylated version of CRIPT was overexpressed [30]. Although we also found no effect 

on number or length of dendritic branches when CRIPT was overexpressed, the use of Sholl 

analysis revealed a marginal decrease in the number of dendritic intersections proximal to 

the cell body. Together, these results indicate that CRIPT alone is not sufficient to promote 

dendritogenesis and that expression levels of CRIPT must be tightly regulated in for proper 

dendrite patterning in regions near the soma.

Our data also show that increased spinogenesis occurs when CRIPT is overexpressed and 

that this effect requires the PDZ-domain binding motif. Although not examined, we would 

predict that treatment with peptides that disrupt CRIPT-PSD-95 interactions would decrease 

spines. This observed result may be due to an increase in the creation of new spines or an 

increase in the size of spines. PSD-95 overexpression increases the number and size of 

dendritic spines as well as synaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptor clustering [40]. Formation of dendritic segments and dendritic spines is 

independent of presynaptic glutamatergic signaling and is likely to be a combination of cell-

autonomous processes, which regulate the targeting and transport of a host of scaffold, cell 

adhesion, and receptor proteins, as well as necessary organelles [41]. Dendritic spines may 

be persistent and stable or transient and rapidly pruned [42], and PSD-95 clustering affects 

spine stability with persistent spines containing a distinct PSD [42]. Dendritic spines without 

a distinct PSD, or those that lose the PSD, are more likely to be pruned [42]. As CRIPT 

induces PSD-95 redistribution onto microtubules and co-localizes with PSD-95 at the PSD, 
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we hypothesize that CRIPT overexpression-mediated increases in spine density are likely 

due to increased PSD-95 microtubule distribution. Moreover, binding of CRIPT-derived 

PDZ3 ligands to PSD-95 induces conformational alterations in the PSD-95 SH3-GK 

domain, and consequently, affects differential interactions between PSD-95 binding partners 

and PSD-95 complex formation [37]. This suggests different affinities of binding partners 

and stabilities of PSD-95 protein complexes in the PSD, and increased CRIPT levels may 

affect PSD-95 protein complex formation. Specifically, ligand binding to the PDZ3 domain 

of PSD-95 affects how PSD-95 monomers interact and influences the formation of PSD-95 

multimer complexes [43]. Thus, CRIPT overexpression may also affect PSD-95 multimer 

complex formation, and subsequently, influence the synaptic function of PSD-95 and PSD 

formation. The binding of SynGAP, a Ras/Rap GTPase activator abundant in the PSD, to the 

PDZ3 domain of PSD-95 requires an α-helix extension adjacent to the PDZ3 domain, and 

excessive CRIPT binding to PSD-95 may affect this interaction [44]. Effects of ligand 

binding to PDZ3 are evident in the present study, as differential effects on dendritic 

arborization were observed with treatment with PSD-95-binding peptides based on the 

carboxyl terminus of CRIPT and a general consensus sequence.

This study contributes to the current understanding of the functional significance of the 

interaction between CRIPT and PSD-95 in dendritogenesis and spinogenesis during 

development. Our data showing distinct effects of PSD-95 PDZ3-binding peptides based on 

CRIPT versus a general sequence demonstrate the complexity of the processes regulating 

neuronal development. Our investigation of CRIPT and CRIPTΔPDZ overexpression in 

dendritic spine number, morphology, and maturity highlights a multifunctional role for 

CRIPT in regulation of morphological changes in neurons.

Materials and Methods

CRIPT and CRIPTΔPDZ Overexpression Plasmids

CRIPT open reading frame (ORF) was amplified from pGW1-CRIPT (gift from Dr. David 

Bredt) using the forward primer 5’-

GGACAAGAATTCGCCACCAATGGTATGTGAAAAGTGTGAAAAG-3’ and reverse 

primer 5’-CCTGTTGGTACCCTAGACGGAAGTTTGCTTGTAG-3’. The resulting ORF 

was ligated at EcoRI and KpnI sites into a pmRFP vector (generated by subcloning mRFP in 

place of EGFP in pEGFP-C1 purchased from Clontech, at NheI and XhoI sites) using T4 

DNA ligase (all enzymes from New England Biolabs). DH5α E. coli were transformed with 

ligation mixes, and colonies that grew in the presence of kanamycin were screened for the 

CRIPT insert via restriction digestion. Constructs were confirmed by sequencing 

(Genscript). For amplification of CRIPTΔPDZ ORF, all steps were followed except the 

reverse primer used was 5’-

CCTTCGGGTACCCTACTTGTAGTTTTTAGTATCCAAAAC-3’.

Dendritic Arborization Analysis

All animal studies were performed in accordance with US Department of Health and Human 

Services Guide for the Care and Use of Laboratory Animals and were approved by the 

Rutgers University Institutional Animal Care and Use Committee. Hippocampi were 
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dissected from embryonic rats at gestation day 18 (E18) as previously reported [45–47]. 

Hippocampi were dissociated by trituration and plated at a density of 1.05 × 105 cells per 

cm2 in a 24 well plate on 12mm glass coverslips coated with poly-D-lysine (100μg/ml, 

Sigma-Aldrich). Cultures were maintained in Neurobasal medium supplemented with 

GlutaMAX and B27 (all from ThermoFisher) in a humidified incubator at 37°C and 5% 

CO2. Neurons were co-transfected with pEGFP-C1 and 1) pmRFP or 2) pmRFP-CRIPT or 

3) pmRFP-CRIPTΔPDZ using Lipofectamine-LTX on day in vitro (DIV) 7 as per the 

manufacturer’s protocol. Cells were fixed with 4% paraformaldehyde (PFA; Electron 

Microscopy Sciences; cat. #15714) in phosphate-buffered saline (PBS) followed by blocking 

for 1h in PBS containing 2% normal goat serum, 0.1% Triton-X, and 0.04% sodium azide. 

Neurons were immunostained with anti-MAP2 (1:500; BD Pharmingen, cat. #556320) and 

anti-GFP (1:500; ThermoFisher, cat. #PA1–9533) overnight at 4°C. Secondary antibodies 

used were goat anti-mouse Alexa Fluor® 647 and goat anti-chicken Alexa Fluor® 488 (both 

from ThermoFisher) at 1:200 dilution. Coverslips were mounted onto slides using 

Fluormount-G (Southern Biotech) and left to dry overnight at room temperature (RT). 

Micrographs of transfected neurons were captured using an Olympus Optical IX50 (Tokyo, 

Japan) microscope equipped with a Cooke SensiCam camera and Image Pro software 

(Media Cybernetics). All images were captured under 20X objective. NeuronJ plugin on 

ImageJ was used to trace dendrites with the experimenter blinded to the condition. Semi-

automated Sholl analysis was performed as previously described by our laboratory using the 

Bonfire program [33]. Briefly, Bonfire sums the dendrites that cross concentric circles 

spaced 6μm apart, starting from the cell body. The dendrites are identified as GFP-positive 

and MAP2-positive, and we have observed that MAP2+ immunostaining is the same as GFP 

expression except for the axon, which is MAP2-negative. Dendrites are traced, and the 

program computes Sholl curves and characteristics, such as primary, secondary, and higher 

order dendrite numbers, dendrite lengths, tips, and branch points. Data at each distance are 

averaged across neurons and plotted in Excel or GraphPad Prism. All experiments were 

performed using cells from three mothers and cultured on different days except for siRNA 

studies where neurons were from two mothers. Cells from multiple coverslips per culture 

were used. Statistical analysis was performed using two-way ANOVA followed by 

Bonferroni multiple comparisons test.

CRIPT knockdown using siRNA

Neurons were transfected with the following siRNAs: Silencer Select Pre-Designed siRNA 

(siRNA ID: s132723, cat. #4390771), Silencer Select Pre-Designed siRNA (siRNA ID: 

s132724, cat. #4390771), and Silencer Select Negative Control No. 1 siRNA cat. #4390843). 

Rat hippocampal neurons were transfected on DIV7 with cDNA encoding eGFP (for 

dendrite tracing) and either 1) negative control siRNA or 2) pooled siRNA (from two pre-

designed siRNA constructs) targeting CRIPT using the RNAiMAX kit as per manufacturer’s 

instructions. Neurons were fixed on DIV12 for Sholl analysis dendrite branching analysis as 

described above.

Dendritic Spine Analysis

Hippocampal neurons were dissected and plated at a density of 1.05 × 105 cells per cm2 on 

12mm glass coverslips coated with poly-D-lysine (100μg/ml) as described above. Neurons 
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were transfected on DIV14 using the calcium phosphate transfection method [48] with 4μg 

each of pEGFP-C1 and 1) pmRFP or 2) pmRFP-CRIPT or 3) pmRFP-CRIPTΔPDZ. On 

DIV17, neurons were fixed with 4% PFA in PBS followed by blocking for 1h and 

immunostaining with anti-MAP2 and anti-GFP as described above. Micrographs were 

captured using a Zeiss LSM800 confocal microscope under a 40X oil objective. Dendritic 

spine morphology was analyzed using ImageJ as previously described [49]. Mushroom 

spines are defined as having a head width/neck width > 1.5μm and total length <5μm and are 

considered mature spines. Thin spines are defined as having head width/neck width between 

1 and 1.5μm and total length <5μm and are considered immature spines. Stubby spines have 

head width/neck width ≤ 1μm and total length ≤ 1μm and are considered immature spines. 

Filopodia have head width/neck width ≤ 1μm and total length > 1μm. Spine morphology was 

assessed in two dendritic segments (10–30μm in length; 20–80μm away from the soma) per 

neuron. A minimum of 15 neurons per experimental condition was analyzed across three 

independent experiments with the experimenter blinded to the condition. All experiments 

were performed using cells from three mothers and cultured on different days. One-way 

ANOVA followed by Bonferroni multiple comparisons test was used for statistical analysis.

PSD-95-binding Peptide Treatment

Primary rat hippocampal neurons were dissected and plated at a density of 1.05 × 105 cells 

per cm2 as described above. Neurons were transfected with pmRFP on DIV9 using 

Lipofectamine 2000 following the manufacturer’s protocol and treated with 100μM of 

respective PSD-95-binding peptide (in DMSO), or vehicle (0.1% DMSO) on DIV10 for 48 

hours. On DIV12, cells were fixed with 4% PFA in PBS followed by blocking for 1h in PBS 

containing 2% normal goat serum, 0.1% Triton-X, and 0.04% sodium azide. Neurons were 

immunostained against MAP2 as described above and mounted onto slides using 

Fluormount-G. Micrographs of transfected neurons were captured using an Olympus Optical 

IX50 microscope and dendrites were analyzed by semi-automated Sholl analysis as 

previously described [33]. Statistical analysis was performed using two-way ANOVA 

followed by Bonferroni multiple comparisons test.

Co-immunoprecipitation and Western blot Analysis

Rat whole brain lysate was prepared by homogenizing the tissue in lysis buffer consisting of 

1x protease inhibitor (Sigma, cat. #11836170001) in 10ml TEE (20mM Tris pH7.4, 1mM 

EDTA and 1mM EGTA). Homogenized brain sample was rotated at 4°C for 1hr in 10mL of 

2x RIPA buffer (100mM Tris pH7.4, 300mM NaCl, 2mM EDTA, 1% sodium deoxycholate, 

2% NP-40 and 0.2% SDS) containing 100mM PMSF. The lysate was then spun at 18000 × g 
at 4°C for 15 min. Protein concentration in the resulting supernatant was assessed with BCA 

assay (ThermoFisher), and lysates were either used for co-immunoprecipitation assay 

immediately or frozen at −20°C. Whole rat brain lysate (1mL; 7mg of protein) was 

precleared by incubating with 50μL of Protein A beads (ThermoFisher cat. #20333) at 4°C 

for 1h. After preclearing, the lysate was incubated with differing concentrations (1, 10 and 

100μM) of respective PSD-95 binding peptides or vehicle (0.1% DMSO) for 24h at 4°C 

under rotation. After 24h, either control normal rat IgG or PSD-95 antibody (5μg; UC 

Davis/NIH Neuromab Facility clone K28/43) was added to the lysate for co-

immunoprecipitation analysis. Precipitated protein was subjected to SDS PAGE, transferred 
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to polyvinylidene difluoride (PVDF) membrane, and analyzed by Western blot analysis as 

previously described [47]. Briefly, PVDF membrane was blocked in TBST containing 2% 

BSA for 1h at RT followed by incubation with indicated primary antibody diluted in TBST 

containing 2% BSA: monoclonal mouse anti-PSD95 (1:1000, K28/43), polyclonal rabbit 

anti-cypin (1:500, BF6) or polyclonal rabbit anti-CRIPT (1:500; Proteintech cat. #11211–1-

AP). Relevant bands on scanned blots were analyzed using ImagePro software (Media 

Cybernetics). Five independent experiments were performed.

PSD-95-binding Peptide Synthesis and Characterization

Peptides were synthesized using a standard Fmoc-based solid phase synthesis protocol. All 

syntheses utilized preloaded Fmoc-Val wang resin loaded into a peptide synthesis reaction 

vessel mounted on a wrist-action shaker. Resin equivalent to 0.2 mmol was used for each 

reaction. The initial suspension and swelling of the resin (30 min) took place with shaking 

using dimethylformamide (DMF) followed by washing. Thereafter, the procedure consisted 

of iterative deprotection and coupling steps with interspersed washing steps. Fmoc 

deprotection was effected by piperidine-DMF (20%, v/v; 10 × the resin volume) treatment 

for 1 min, washing, and a repeat with fresh deprotection solvents for 1 min, followed by 

DMF washing (10 × the resin volume). Sequential coupling of residues involved mixing of 

Fmoc amino acid (1 mmol), DIPEA (2 mmol), HCTU (2 mmol), and DMF (5 × the resin 

volume) with gentle shaking for 3 min. Coupling and deprotection steps were repeated for 

each added residue, with intervening washing steps (DMF, 10 × the resin volume). After the 

final amino acid coupling the N-terminal modifications were completed. HMC2058 and 

HMC2049 retained their N-terminal Fmoc group by skipping the deprotection steps after the 

final amino acid addition. N-myristoyation of HMC2044 and TW1036 occurred after the 

final amino acid addition and subsequent deprotection. Deprotection was followed by DMF 

washing (10 × the resin volume) then addition of myristic anhydride (2 mmol) in 9 mL of 

DMF for 30 minutes at 50°C using microwave heating. After N-terminal modifications were 

complete the resin was washed with dichloromethane (DCM) three times (10 × the resin 

volume). Finally, the resin cleavage solution [5 × the resin volume, TFA/TIS 

(triisopropylsilane)/thioanisole/anisole, 92: 4:2:2, v/v] was added with shaking for 2 h. The 

solution was collected in a 50 mL conical tube and 20 mL of cold ethyl ether (− 80 °C) was 

added. The solution was mixed, and the peptide precipitate formed immediately. After 

centrifugation (10 min at 8000 rpm), the supernatant was decanted, and the peptide was 

dissolved in distilled water and methanol (5 mL of methanol and 35 mL of water), frozen at 

−80 °C, and lyophilized for 24–48 h until a white powder was obtained. Peptides were 

purified by RP-HPLC, and molecular masses were confirmed by LCMS.

Statistics: GraphPad Prism 7 software was used to perform all statistical analyses. For 

Sholl data, statistical analysis was performed using two-way ANOVA followed by 

Bonferroni multiple comparisons test. All other dendritic branching data from Fig.1 and Fig. 

4 were analyzed using one-way ANOVA followed by Tukey multiple comparisons test. 

Dendrite spine data were analyzed using one-way ANOVA followed by Tukey’s multiple 

comparisons test. Co-immunoprecipitation data were analyzed using one-way ANOVA 

followed by Dunnett’s multiple comparisons test. Two-tailed Student’s t-test was used for all 

for all comparisons of dendrite number, length, and branch points in Fig. 5. Outliers were 
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removed using ROUT (Q = 1%) method in GraphPad Prism 7. Extended statistical results 

are in Supplementary Tables.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CRIPT and CRIPTΔPDZ overexpression decreases dendritic arborization.
Rat hippocampal neurons were cultured from gestation day 18 embryos and were co-

transfected with cDNA encoding eGFP and 1) RFP (control) or 2) RFP-tagged CRIPT or 3) 

CRIPTΔPDZ on DIV7 and fixed on DIV12. a Representative micrographs of transfected 

neurons. b Sholl analysis of dendritic arborization. Asterisks at single data points indicate 

significant difference from control. Asterisks above lines indicate significant difference from 

control for data points beneath the line. c CRIPT and CRIPTΔPDZ overexpression do not 

affect number of primary dendrites. d-h CRIPTΔPDZ, but not CRIPT, overexpression 

decreases number of (d) secondary dendrites, (e) higher order dendrites, (f) total number of 

segments, (g) total number of branch points, and (h) total number of terminal points. i-l 
CRIPT and CRIPTΔPDZ overexpression do not affect length of primary, secondary, higher 

order dendrites, or total dendrite length. Data obtained from five biological replicates. *p < 

0.05, **p < 0.01, ***p < 0.001 ****p < 0.0001 as determined by two-way ANOVA 
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followed by Bonferroni multiple comparisons test (Sholl analysis), and one-way ANOVA 

followed by Tukey multiple comparisons test (all other analyses). n(RFP) = 45; n(CRIPT) = 

49; n(CRIPTΔPDZ) = 49 neurons from three independent cultures. Scale bars, 100μm. Error 

bars are ± s.d.
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Fig. 2. Overexpression of CRIPT, but not CRIPTΔPDZ, results in increased spine density.
a Representative micrographs of dendritic segments from DIV17 hippocampal rat neurons 

co-transfected with cDNA encoding eGFP and 1) RFP (control) or 2) CRIPT or 3) 

CRIPTΔPDZ. Filled arrowheads point to mature spines, and open arrowheads point to 

immature spines and filopodia. b–d CRIPT, but not CRIPTΔPDZ, overexpression increases 

number of (b) dendritic spines, (c) mushroom spines, and (d) immature spines. e Number of 

filopodia is not altered by CRIPT or CRIPTΔPDZ overexpression. f-i CRIPT and 

CRIPTΔPDZ overexpression do not affect (f) spine length, (g) spine head width, (h) spine 

neck width, or (i) spine head to neck ratio. n = 20–25 neurons per condition from three three 

independent cultures. *p < 0.05, ***p < 0.001 ****p < 0.0001 as determined by one-way 

ANOVA followed by Tukey’s multiple comparisons test. Scale bars, 5μm. Error bars are ± 

s.d. Mushroom spines are defined as having a head width/neck width > 1.5μm and total 

length <5μm and are considered mature spines. Thin spines are defined as having head 
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width/neck width between 1 and 1.5μm and total length <5μm and are considered immature 

spines. Stubby spines have head width/neck width ≤ 1μm and total length ≤ 1μm and are 

considered immature spines. Filopodia have head width/neck width ≤ 1μm and total length > 

1μm.
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Fig. 3. PSD-95 PDZ-domain binding peptides reduce the interaction of CRIPT and PSD-95.
The YKQTSV sequence is from the CRIPT C-terminus, while KKETEV was generated as a 

PDZ3-binding consensus sequence based on library data [34]. Amino terminal 

myristoylation (N-Myr) was used to aid in cell permeabilization, while an added Fmoc 

group at the amino terminus was used to increase the binding affinity for PDZ3 (Spaller, 

unpublished data). a Structure of HMC2058 (Fmoc-YKQSTV), based on the CRIPT 

carboxy terminal sequence with added Fmoc group. b Structure of HMC2044 (N-Myr-

YKQTSV), based on CRIPT carboxy terminal sequence with added amino terminal 

myristoylation. c Structure of HMC2049 (Fmoc-KKETEV), based on a PDZ3-binding 

consensus sequence with added Fmoc group. d Structure of TW1036 (N-Myr-KKETEV), 

based on a PDZ3-binding consensus sequence with added amino terminal myristoylation. e-f 
Representative immunoblots and densitometric quantification of relative amount of CRIPT 

co-immunoprecipitated with PSD-95 from rat brain extracts in the presence of different 

Omelchenko et al. Page 19

Mol Neurobiol. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



concentrations of PSD-95-binding peptides. Western blot densitometric results were 

normalized to the amount of CRIPT co-immunoprecipitated with PSD-95 in vehicle 

(DMSO) condition, represented by the dotted line. e HMC2058 and HMC2049 significantly 

decrease the amount of CRIPT that co-immunoprecipitates with PSD-95 at concentrations of 

1μM,10μM, and 100μM. f HMC2044 at a concentration of 100μM significantly decreases 

the amount of CRIPT that co-immunoprecipitates with PSD-95. Lower concentrations (1μM 

and 10μM) of HMC2044 and all concentrations tested of TW1036 do not affect the amount 

of CRIPT that co-immunoprecipitates with PSD-95. Data obtained from seven independent 

experiments. The controls for these experiments include the KKETEV PDZ3-binding 

consensus sequence based on library data, vehicle (0.1% DMSO), and addition of the Fmoc 

group. Fmoc acts as control for amino terminal myristoylation (N-Myr) to control for the 

lipid moiety of the lipopeptide. **p < 0.01, ***p < 0.001 ****p < 0.0001 vs. co-

immunoprecipitation in presence of vehicle (DMSO) as determined by one-way ANOVA 

followed by Dunnett’s multiple comparisons test. Error bars are ± s.d.
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Fig. 4. Dendritic arborization significantly decreases by treatment with PSD-95-binding peptides 
based on the CRIPT carboxy terminal sequence.
Primary rat hippocampal neurons were transfected with cDNA encoding mRFP on DIV9, 

treated with 100μM of indicated PSD-95-binding peptides on DIV10 for 48 h and fixed on 

DIV12. a Representative micrographs of neurons treated with PSD-95 binding peptides. b 
Sholl analysis of dendritic arborization. Asterisks above lines indicate significant difference 

from control. PSD-95-binding peptides based on the carboxy terminal sequence of CRIPT 

(HMC2058 and HMC2044) significantly reduce dendritic arborization compared with 

DMSO-treated control neurons. TW1036, which is based on the PDZ3-binding consensus 

sequence, differentially decreases dendritic branching in regions distal to the neuronal soma. 

HMC2049, also based on the PDZ3-binding consensus sequence, does not significantly alter 

the dendritic arbor. c Treatment with HMC2049 significantly increases number of primary 

dendrites, while HMC2044 significantly decreases number of primary dendrites compared to 
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vehicle control. d–e Treatment with HMC2058, HMC2049, and HMC2044, significantly 

decreases number of (d) secondary dendrites and (e) number of higher order dendrites. f-h 
Treatment with HMC2058 and HMC2044 significantly reduces (f) total number of 

segments, (g) total number of branch points, and (h) total number of terminal points. i 
PSD-95-binding peptides do not affect primary dendrite length. j Treatment with HMC2049 

significantly increases secondary dendrite length compared to vehicle control. k Higher 

order dendrite length is not affected by PSD-95-binding peptide treatment. l Treatment with 

HMC2049 significantly increases total dendrite length compared to vehicle control. Data 

obtained from five independent experiments. **p < 0.01, ***p < 0.001 ****p < 0.0001 by 

two-way ANOVA followed by Bonferroni multiple comparisons test, and one-way ANOVA 

followed by Bonferroni multiple comparisons test. Scale bars, 100μm. Error bars are ± s.d.
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Fig. 5. CRIPT knockdown increases dendritic arborization and proximal dendrite length.
Rat hippocampal neurons were cultured from embryos at gestation day 18 and were co-

transfected with cDNA encoding eGFP and 1) negative control siRNA or 2) CRIPT siRNA 

on DIV7 and fixed on DIV12. a Representative immunoblots and quantification of CRIPT 

expression in lysates prepared from cultures transfected with either negative control siRNA 

or CRIPT siRNA on DIV7. Cultures were lysed on DIV12, and proteins were resolved using 

Western blot analysis. b Representative images of siRNA transfected neurons. c Sholl 

analysis of dendritic arborization. Asterisks above lines indicate significant difference from 

control for data points beneath the line. d-e CRIPT knockdown does not affect number of 

(d) primary dendrites or (e) secondary dendrites. f-h CRIPT knockdown increases number 

of (f) higher order dendrites and (g) total number of segments. h-i CRIPT knockdown does 

not affect (h) total number of branch points or (i) total number of terminal points. j-k CRIPT 

knockdown increases length of (j) primary and (k) secondary dendrites. l-m CRIPT 
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knockdown does not affect (l) higher order dendrites, or (m) total dendrite length. Data 

obtained from two independent cultures replicates. *p < 0.05, **p < 0.01, ***p < 0.001 as 

determined by two-way ANOVA followed by Bonferroni multiple comparisons test (Sholl 

analysis), and two-tailed Student’s t-test (all other analyses). n(negative control siRNA) = 

38; n(CRIPT siRNA) = 57; neurons from two independent experiments. Scale bars, 100μm. 

Error bars are ± s.d.
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Fig. 6. Proposed model for role of CRIPT-PSD-95 interaction in neuronal development.
a Under baseline conditions, CRIPT binds to third PDZ domain of PSD-95. This interaction 

allows for attachment of PSD-95 to the microtubule cytoskeleton. Binding of PDZ-3 ligands 

to PSD-95 is necessary for PSD-95 multimerization and can induce conformational changes 

in PSD-95 SH3 and GK domains. [37,43] b Overexpression of full length CRIPT results in 

modest decreases in dendritic branching proximal to the neuronal soma and a substantial 

increase in the number of immature and mature dendritic spines. Treatment with PSD-95 

PDZ3-binding peptide ligands does not recreate diminished dendritic branching. c 
Overexpression of CRIPT lacking the PDZ-domain binding motif results in extensive 

decreases in dendritic arborization proximal and distal to the soma but does not affect 

dendritic spine number. Treatment with PSD-95 peptide ligands based on the CRIPT 

carboxyl terminus recapitulates the significant decreases in dendritic branching observed 

with CRIPTΔPDZ overexpression.
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