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Abstract

The guanine deaminase cypin (cytosolic PSD-95 interactor) binds to PSD-95 (postsynaptic density 

protein 95) and regulates dendrite branching by promoting microtubule polymerization. Here, we 

identify a novel short isoform of cypin, which we term cypinS, which is expressed in mouse and 

human, but not rat, tissues. Cypin and cypinS mRNA and protein levels peak at P7 and P14 in the 

mouse brain, suggesting a role for these isoforms during development. Interestingly, although 

cypinS lacks guanine deaminase activity, overexpression of cypinS increases dendrite branching. 

This increase occurs further away from soma than increases resulting from overexpression of 

cypin. In contrast, overexpression of cypin, but not cypinS, decreases dendritic spine density and 

maturity. This suggests that changes to spines, but not to dendrites, may be dependent on guanine 

deaminase activity. Furthermore, overexpression of either cypin or cypinS increases miniature 

excitatory postsynaptic current (mEPSC) frequency, pointing to a presynaptic role for both 

isoforms. Interestingly, overexpression of cypinS results in a significantly greater increase in 

frequency than does overexpression of cypin. Thus, cypin and cypinS play distinct roles in 

neuronal development.
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Cypin (cytosolic PSD-95 interactor), also known as nedasin [1], is guanine deaminase 

(GDA; guanase) [2] and the major interactor of the scaffolding protein postsynaptic density 
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95 (PSD-95) in the brain. The carboxy terminus of cypin binds to the first two PDZ domains 

of PSD-95 and decreases PSD-95 localization at postsynaptic sites [2]. Cypin binds to 

tubulin heterodimers via its collapsin-response mediator protein (CRMP) homology domain 

and promotes microtubule assembly. Overexpression of cypin in hippocampal neurons 

increases dendrite numbers, and knockdown of cypin decreases dendrites [3]. This action of 

cypin correlates with GDA activity [3] and zinc binding [4]. Our group has identified 

signaling molecules that act in concert with cypin to regulate dendritic morphology. For 

example, we reported that the SNARE-associated protein snapin binds to cypin and disrupts 

the cypin-tubulin interaction, acting as a negative regulator of cypin-mediated microtubule 

assembly [5]. Similarly, overexpression of PSD-95 blocks cypin-mediated increases in 

dendritic branching; however, the binding of cypin to PSD-95 is necessary for stabilization 

of dendrite growth promoted by cypin [6]. Upstream regulators of cypin include RhoA, a 

small GTPase, and brain-derived neurotrophic factor (BDNF). Activated RhoA acts as a 

negative regulator of dendrite branching by decreasing cypin expression in a translation-

dependent manner [7]. In contrast, BDNF increases dendritic arborization via CREB-

dependent transcriptional activation of cypin [8]. Thus, multiple regulators of dendrite 

morphology act via cypin, which then regulates microtubule assembly, shaping the dendritic 

arbor.

Recent evidence suggests a required role for cypin in normal brain function. Genome-wide 

transcriptome profiling revealed increased expression of cypin in the CA1 region of the 

hippocampus after oxidative stress [9]. Additionally, nigro-striatal degeneration in a rat 

model of Parkinson’s disease results in increased expression of cypin in the striatum [10]. 

Furthermore, overexpression of cypin protects cultured somatic motor neurons from 

glutamate-induced toxicity [11] and cultured hippocampal neurons from N-methyl-D-

aspartate (NMDA) glutamate receptor-induced toxicity by increasing the number of small 

varicosities on dendrites [12]. Thus, cypin may act in a neuroprotective manner in the 

injured or diseased brain. Intriguingly, it was recently reported that 23% of mothers of 

children with maternal autoantibody-related autism (MAR) have autoantibodies with 

increased reactivity for cypin and/or the related protein collapsin response mediator protein 

1 [13]. Taken together, these data suggest that further investigation of cypin function in the 

brain is warranted to increase our understanding of its role in neuronal development and 

disease.

In the current study, we identify a short isoform of cypin (cypinS) that lacks guanine 

deaminase (GDA) activity. Surprisingly, this isoform is expressed in tissue from mouse and 

human but not rat. Cypin and cypinS mRNA and protein levels peak at P7 and P14 in the 

mouse brain, suggesting a role for these isoforms during development when maximal 

changes to neuronal morphology occur. Our data suggest that the two isoforms play similar 

but distinct roles in neuronal development. Overexpression of cypinS increases dendrite 

branching further away from the soma than does overexpression of cypin, and 

overexpression of cypin significantly decreases spine density and maturity while 

overexpression of cypinS does not affect spines. Overexpression of cypin or cypinS results 

in increased mEPSC frequency but not amplitude. Thus, our current data suggest distinct 

roles for cypin and cypinS in neuronal development.
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RESULTS

Analysis of the GDA gene predicts expression of a short isoform of cypin

The GDA gene consists of 14 exons, resulting in a protein product of the 454 amino acid 

(aa) cypin. An alternative exon 1a exists in GDA, yielding an additional isoform of cypin, 

which we term cypinS for cypin short. CypinS is encoded by 14 exons with only part of the 

last exon present, resulting in a shorter 3′ UTR in cypinS mRNA compared to the 3′ UTR 

in cypin mRNA (Fig. 1a). This isoform is predicted to be expressed only in mouse and 

human, but not rat, tissues. In fact, we have not observed the presence of this isoform in rat 

tissue in any of our past studies [2,3,7,8]. As we previously reported [2,3], cypin protein 

contains a zinc-binding domain (76-84 amino acids (aa)), a collapsin response mediator 

protein (CRMP) homology domain (350-403 aa), and carboxy terminal PDZ-binding motif 

(451-454 aa). CypinS consists of the carboxy terminal 380 aa (75-454 aa) of cypin, thus 

lacking the amino terminal 74 aa of cypin. Both cypin and cypinS contain His240, His279, 

and Asp330, three aa that we have reported to be involved in zinc binding ([4]; Fig. 1b).

Cypin and cypinS mRNA and protein are expressed in multiple mouse brain regions and 
tissues

Cypin and cypinS mRNA differ only in their exon 1 sequences (Fig 1a). Thus, we 

constructed primers targeted to the junction of exons 1 and 2 to specifically amplify cypin or 

cypinS mRNA. Using these primers, we identified unique RT-PCR products for cypin and 

cypinS mRNA, suggesting the presence of both transcripts in mouse brain (Fig. 2a). To 

assay for protein expression, we validated the detection of cypinS protein by our polyclonal 

rabbit cypin antibody (BF6; [8,12]) by overexpressing cypin and cypinS in HEK293 cells 

and subjecting lysates from these cells to Western blot analysis (Fig. 2b). Results of this 

analysis reveal that both isoforms are easily resolved by SDS-polyacrylamide gel 

electrophoresis and detected by Western blotting. Our data show that cypinS is present in 

multiple mouse brain regions, including cerebellum, which has low expression of cypin 

[2,14], and organs, such as lung, heart, liver, spleen, kidney, and skeletal muscle, which also 

show expression of cypin (Fig. 2c and 2d). Similar to what is observed in mouse tissue, 

cypinS is expressed in human cortical tissue (Fig. 2e).

Cypin and cypinS mRNA and protein levels peak at postnatal day 7 in mouse brain

To identify how cypinS may play a developmental role in brain function, relative mRNA and 

protein levels were determined in brain from mice at postnatal day (P) 0, 7, 14, 30, and 100 

(adult). qRT-PCR results show that cypinS transcript is present at significantly higher levels 

at P0, P7 and P14 compared to that expressed in adult brain (Fig. 3A). In addition, cypin 

transcript is highest at P7 (Fig. 3a). Consistent with these results, brain cypin and cypinS 

protein levels peak at P7 and P14 (Fig. 3b). We determined brain region-specific expression 

and enrichment in the adult and found that expression of cypinS occurs at similar levels 

across all regions while cypin is expressed at 20% of these levels in cerebellum (Fig. 3c), 

consistent with previous reports and by our group and others [2,14].
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CypinS does not function as a guanine deaminase

Cypin is guanine deaminase (GDA; guanase), an enzyme that converts guanine to xanthine 

[3,14]. As we previously reported using colorimetric assay, cypin has GDA activity [3,14]. 

Since cypinS lacks the amino terminal 74 aa of cypin but has all aa responsible for zinc 

binding, a GDA assay was performed to determine whether cypinS has this activity. We 

transfected COS-7 cells with plasmids encoding GFP, GFP-Cypin or GFP-CypinS and 

subjected the cells to the colorimetric GDA assay. Interestingly, unlike cells expressing GFP-

Cypin, cells expressing GFP-CypinS do not show GDA activity (Fig. 4a). In addition, we 

performed Amplex Red GDA assay, which demonstrates kinetics of the GDA reaction rather 

than activity at a fixed time point (Fig 4b,c). Amplex Red assay shows a gradual increase in 

absorbance with time in extracts from samples cells expressing cypin, while extracts from 

cells expressing GFP and cypinS do not show increases in absorbance. Taken together, these 

data suggest that cypin acts as guanine deaminase while cypinS does not. Thus, cypinS may 

not play a role in guanine metabolism.

Overexpression of cypinS increases dendrite branching in hippocampal neurons

Overexpression of cypin increases primary and secondary dendrite numbers in cultured 

hippocampal neurons, and GDA activity correlates with this increase [3]. Since cypinS lacks 

GDA activity (Fig. 4), we asked whether cypinS regulates dendrite branching. Cypin and 

cypinS were overexpressed on DIV7 in cultured rat hippocampal neurons, and dendrite 

branching was analyzed at DIV12 using Sholl analysis [15–17]. It is important to note that 

cypinS is not expressed in rat neurons [2,3,7,8], and thus, we used these neurons to 

determine the role for cypinS in a null background. Overexpression of cypinS results in 

increased dendrite branching more distal from the cell body than the resulting increase in 

dendrites resulting from overexpression of cypin (Fig. 5a–c). Overexpression of either cypin 

or cypinS results in increased tertiary and higher order dendrites, total dendrites, branch 

points, and terminal points (Fig. 5d–i). Thus, cypinS overexpression results in increases in 

overall dendrite arborization that is similar to the increase promoted by cypin. Importantly, 

our data suggest that the GDA activity of cypin is not required for increases in dendrites.

Overexpression of cypin, but not cypinS, alters spine density and morphology

To determine whether the subcellular localization of cypinS differs from that of cypin, we 

performed synaptosomal fractionation. Cypin is present in all fractions, including cellular 

cytosol, crude synaptosomes, synaptic cytosol, and synaptic membranes. In contrast, 

although cypinS is also present in crude synaptosomes and synaptic cytosol, it is present in 

synaptic membranes where cypin is present at a lower level than in other fractions (Fig. 6a). 

Furthermore, since PSD-95 is enriched in the synaptic membrane fraction [2], and cypinS 

contains a carboxy terminal PDZ-binding motif, we performed co-immunoprecipitation in 

mouse brain lysate. As expected, cypin and cypinS co-immunoprecipitate with PSD-95 (Fig. 

6b). Thus, based on these results, we hypothesize that cypinS plays a role in spine 

development due to its interaction with both PSD-95 and its localization at synaptic 

membranes. To test our hypothesis, we overexpressed cypin or cypinS in rat hippocampal 

neurons at DIV14, and spine number and morphology were assessed at DIV17. 

Overexpression of cypin results in a significant decrease in spine density and the number of 
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mature spines. In contrast, cypinS had a marginal but non-significant effect on spine density 

(p=0.077; Fig. 6c–f). Overexpression of either cypin or cypinS had no effect on spine length 

or width (Fig. 6g,h). Our results suggest that cypinS may not play a major role in 

spinogenesis, especially since rat neurons do not express cypinS.

Overexpression of cypin and cypinS increase mEPSC frequency

Since both cypin and cypinS are present in synaptic cytosol fractions where synaptic vesicles 

are present, we asked whether overexpression of either isoform affects neuronal 

electrophysiology. Rat hippocampal neurons were transduced at DIV 14 with lentivirus 

encoding GFP, GFP-Cypin, or GFP-CypinS, and patch clamp analysis was performed at 

DIV 21. Interestingly, overexpression of cypin or cypinS resulted in a significant increase in 

the frequency of mEPSCs with no effect on amplitude (Fig. 7a–c). In addition, the effect of 

overexpression of cypinS on frequency is significantly higher than that of overexpression of 

cypin. Taken together with dendrite branching and spine morphology data, our results 

suggest that cypin and cypinS regulate both postsynaptic and presynaptic sites in 

hippocampal neurons in distinct manners.

DISCUSSION

In the current work, we report the identification of a novel isoform of cypin, which we term 

cypinS. Interestingly, cypinS is expressed in human and mouse tissues, but not in rat tissues. 

CypinS is expressed at lower levels than cypin in mouse brain tissues except in the 

cerebellum, where cypin is expressed at very low levels [2,14]. Cypin functions as a guanine 

deaminase [3,14]; however, cypinS lacks this activity. We found that mRNA and protein 

levels of cypin and cypinS peak at P7–P14 in mouse brain, suggesting an important role for 

these proteins during neuronal development when maximum changes in morphology occur. 

Expression of either cypin or cypinS increases dendrite branching, which we previously 

reported to be dependent on the CRMP homology region [3] that binds to tubulin 

heterodimers and promotes microtubule assembly [18,19]. In contrast, only overexpression 

of cypin results in changes to dendritic spines. Overexpression of either isoform results in 

increases in frequency of mEPSCs; however, overexpression of cypinS promotes a 

significantly higher increase in mEPSC frequency. Taken together, these data suggest 

different pre- and postsynaptic roles for cypin and cypinS.

Until now, we proposed that the guanine deaminase activity of cypin is important for its 

effects on dendritogenesis. Previous results from our laboratory suggest that mutation of 

residues that bind zinc eliminate the GDA activity and the dendrite promoting activity of 

cypin [3,4], leading us to conclude that the two activities are related. However, based on our 

work presented here, it appears that zinc binding, but not GDA activity, is necessary for 

cypin-promoted changes to dendrites. Evolutionary analysis performed by our laboratory led 

to a model by which an ancestral cytidine deaminase-like protein evolved by gene 

duplication followed by acquisition of PDZ-binding motifs and a zinc-binding domain. This 

model suggests that a new but distinct function was acquired by the mammalian guanine 

deaminase cypin.
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CypinS is present in mouse and human but not rat. Although the human genome shares 

greater than 97% genes with the mouse and rat genomes [20,21], maps of conserved synteny 

between human, mouse, and rat genomes suggest that there are differences in the genome 

when comparing human to mouse and human to rat [21]. In this same study, 278 orthologous 

segments were identified between human and rat, with 280 between human and mouse [21]. 

Thus, while cypin may function as a guanine deaminase and regulator of dendritic 

morphology in all three species, cypinS may act to further shape neuronal function in the 

mouse and human. Specifically, cypinS regulates distal dendrite branching away from soma 

while cypin shapes the proximal arbor, suggesting a GDA-independent role for cypinS in 

mouse and human.

CypinS has shorter 3′UTR compared to cypin (Fig.1a) and we have shown that protein 

expression of cypinS is only 6–10 fold lower than that of cypin while mRNA expression is 

1000–40,000 fold lower than cypin (Fig. 3a). Although a number of studies have reported 

high correlation between reference mRNA and protein levels [22,23], other studies have 

shown poor correlation between mRNA and protein levels, where magnitudes of difference 

in mRNA exist for the same levels of protein expression and vice versa [24,23]. There are 

multiple factors, including ribosomal occupancy, half-lives of proteins, and codon adaptation 

index, that explain the absence of a correlation between mRNA and protein expression [23]. 

The 3′UTR of mRNA is involved in post-transcriptional regulation of gene expression [25]. 

Adenosine (A) and uridine (U) rich elements, also called AU rich elements (AREs), are 

present in 3′UTRs of mRNA [26]. AREs consist of one or more AUUUA pentamers and are 

involved in the regulation of mRNA stability and changes to translation [26,27]. The 

3′UTRs of cypin and cypinS differ, and thus, we used the AREsite database to identify 

AREs in the 3′UTRs of cypin and cypinS transcripts [28]. There are ten AUUUA pentamer 

motifs in the 3′UTR of cypin and five AUUUA pentamer motifs in the 3′UTR of cypinS 

(Supplementary Fig. 1). This difference in the number of AUUUA pentamers in the AREs of 

the 3′UTRs of cypin and cypinS mRNAs may be responsible for different stabilities of both 

mRNAs, and thus may explain the lack of correlation between mRNA and protein 

expression. Since this is one of many mechanisms that may be responsible for our 

observation, why cypin and cypinS protein levels do not correlate with transcript levels will 

be a focus of future studies.

Zinc is involved in the regulation of dendrite branching by promoting stability of 

microtubules [29]. In fact, in a rat model of zinc deficiency, there is impaired dendritic 

differentiation of basket and stellar cells [30]. Zinc also regulates multiple zinc finger 

proteins and transcriptional factors that shape the dendritic arbor [31–35]. CypinS may bind 

to zinc as does cypin [4] since the two isoforms share all residues that coordinate for zinc 

binding. We posit that cypin and cypinS may act as zinc sensors to increase dendrites. Zinc 

not only plays an important role in normal synaptic function, but when altered, it plays a role 

in a host of brain disorders, such as Alzheimer’s disease, depression, Parkinson’s disease, 

Huntington’s disease, amyotrophic lateral sclerosis, and prion disease (reviewed in [36]). 

Furthermore, excess zinc mediates toxicity due to brain injury or stroke (reviewed in [36]). 

In line with these data, we previously reported that overexpression of cypin in cultured 

hippocampal neurons protects them from N-methyl-D-aspartate-mediated death [12]. It is 
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possible that in this scenario, cypin acts to sense zinc and mediate protective changes to 

dendrites [12].

Cypin also binds to PSD-95 through its PDZ-binding motif and regulates PSD-95 synaptic 

targeting [2]. Moreover, overexpression of cypin decreases spine density (Fig. 6d and [12]). 

We have now demonstrated that cypinS is present in crude synaptosomes, synaptic cytosol, 

and synaptic membranes (Fig. 6a). Like cypin, cypinS contains a PDZ-binding motif on its 

carboxy terminus, and our data suggest that cypinS binds to PSD-95 (Fig. 6b). Surprisingly, 

we found that overexpression of cypinS has no significant effect on spine density (Fig. 6d), 

suggesting that cypinS functions distinctly from cypin in the regulation of spine density and 

morphology.

All previous work in our laboratory focused on cypin function in dendrites; however, cypin 

is also present in the axon [2], and histochemical assays for GDA activity in rat brain reveals 

the presence of cypin in the mossy fibers in the CA3 region of hippocampus [14], consistent 

with our data in mouse brain (Patel and Firestein, unpublished data). For the first time, we 

report the effects of cypin and cypinS overexpression on neuronal electrophysiology. 

Overexpression of either cypin or cypinS increases the frequency of mEPSCs with no effect 

on amplitude. This lack of effect on amplitude despite decreased spine density mediated by 

cypin overexpression may reflect homeostatic compensatory activities. Although cypinS 

alters mEPSC frequency without having an effect on spine density, this discrepancy may 

reflect a cell autonomous function for cypinS. However, since we used lentivirus to 

transduce neurons to overexpress cypinS, our transduction efficiency was 100%. Thus, we 

cannot rule out whether changes in mEPSC frequency include a cell non-autonomous 

component. Moreover, overexpression of cypinS results in a significantly greater increase in 

frequency of mEPSCs than does overexpression of cypin. The higher frequency of mEPSCs 

is caused by increased release of neurotransmitters [37]. We previously reported that cypin 

binds to snapin, a SNARE-associated protein involved in modulating neurotransmitter 

release by regulating vesicle docking and fusion [38], via the CRMP homology domain of 

cypin [5]. Thus, the increases in mEPSC frequency observed when cypin or cypinS is 

overexpressed may be due, in part, to binding of snapin. Furthermore, release of vesicular 

pools of neurotransmitter is zinc-dependent (i.e. [39–43]). As cypin binds to zinc and cypinS 

retains all zinc binding sites, cypin and cypinS may act as zinc sensors to regulate the 

vesicular pool and neuronal electrophysiology. Thus, cypin and cypinS may play roles in 

zinc-dependent pathways.

Taken together, we not only have identified a novel cypin isoform, but we have also 

uncovered new presynaptic roles for both isoforms. As summarized in Figure 8, our data 

suggest that the two isoforms of cypin play similar but distinct roles in neuronal 

development. Cypin is a guanine deaminase, but cypinS does not have this enzymatic 

activity. Both isoforms regulate dendrite branching; however, cypin regulates proximal 

dendrite branching while cypinS regulates distal dendrite branching. Cypin regulates spine 

number while overexpression of cypinS has no effect on spines. Both isoforms regulate 

presynaptic release of neurotransmitters, but overexpression of cypinS promotes a greater 

release than does overexpression of cypin. Although both isoforms of cypin are predicted to 

bind snapin, the lack of the 74 amino terminal amino acids in cypinS may contribute to 
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different effects on snapin-mediated synaptic vesicle release. For example, cypin may have 

additional binding partners and regulators at its amino terminus than does cypinS, resulting 

in distinct regulation of function or three-dimensional folding, conferring unique functions 

to each cypin isoform.

EXPERIMENTAL PROCEDURES

Ethical Approval

All studies using animals were approved by the Rutgers Institutional Animal Care and Use 

Committee.

Western Blot and quantification

Mouse (C57BL/6J; #000664; Jackson Laboratory) brain tissue was homogenized in 0.5 ml 

TEE (20mM Tris-HCl, pH 7.4, 1mM EDTA, 1mM EGTA, pH 7.4) for each 100mg wet 

weight of tissue and incubated with an equal volume of 2x RIPA buffer (100 mM Tris-HCl, 

pH 7.4, 300 mM NaCl, 1% deoxycholate, 2% NP-40, 0.2% SDS, 2 mM EDTA, pH 7.4) 

containing 1 mM phenylmethylsulfonylfluoride (PMSF) and protease inhibitor cocktail and 

rocked at 4°C for 1hr on a Nutator. Insoluble material was pelleted at 12,000 x g at 4°C for 

15 min. All protein extracts were evaluated for protein concentration using the Pierce BCA 

protein assay kit (Thermo Scientific) following the manufacturer’s protocol. Proteins (12–15 

μg) were resolved on a 10% SDS-polyacrylamide gel and transferred to polyvinylidene 

difluoride (PVDF) membrane. The membrane was blocked with 5% bovine serum albumin 

in TBST (20mM Tris pH 7.5, 150mM NaCl, 0.1% Tween-20) for 1 hr. The blots were 

probed with the indicated antibodies in TBST containing 3% BSA: polyclonal rabbit anti-

cypin (1:500; BF6) [8,12], monoclonal mouse anti-PSD-95 (1:1000; K28/43, UC Davis/NIH 

NeuroMab Facility), polyclonal chicken anti-GFP (1:1000, A10262, Invitrogen (Thermo 

Fisher Sci.)) and monoclonal mouse anti-GAPDH (1:1000; MAB374, Millipore). 

Experiments were repeated at least three times. Blots were scanned, and intensities of bands 

were quantified using ImageJ software from NIH. The number of pixels of absolute intensity 

of bands was normalized to the intensity of those for GAPDH (internal controls). Human 

cortical tissue was provided by the Human Brain and Spinal Fluid Resource Center (Los 

Angeles, CA).

Analysis of cypin and cypinS mRNA

mRNA was isolated from different mouse brain tissues using the Trizol reagent (Invitrogen) 

following the manufacturer’s protocol. A reaction of 2μg of RNA in a total volume of 20μl 

was converted to cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems) following the manufacturer’s protocol. cDNA (10 μl) was used to perform real-

time PCR using SYBR Green Real-Time master mix following the manufacturer’s protocol. 

The following primer pairs (F for forward, R for reverse) were used for real-time PCR 

reactions: mouse GAPDH: (F) AGGTCGGTGTGAACGGATTTG, (R) 

TGTAGACCATGTAGTTGAGGTCA; mouse cypin (Ensembl: ENSMUST00000087600): 

(F) GTCTTCCGAGGGACTTTCGTC, (R) ATGGTTTGAAGCACCACTCCT; mouse 

cypinS (Ensembl: ENSMUST00000121725): (F) AGAGCAAGCCCATTGCTGTG (R) 

ATGGTTTGAAGCACCACTCCT. ABI 7900 HT sequence detection system (Applied 
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Biosystems) was used to record the Ct values. SDS 2.4, RQ Manager 1.2.1 and DataAssist 

V3.01 (Applied Biosystems) software packages were used to generate RQ (relative 

quantitation or Fold Change) and p-values using two-tailed Student’s t-test comparing the 

2(−ΔCt) values of the two groups. The p-value was adjusted using Benjamini-Hochberg False 

Discovery Rate. Four biological replicates were performed, with each of them having three 

technical replicates. GAPDH served as the control for levels of total mRNA analyzed, and 

mRNAs levels from brain from mice at postnatal day 100 served as the reference group.

Guanine Deaminase Activity Assay

COS-7 cells were grown at a density of 15,000 cells/cm2 on glass coverslips. Cells were 

transfected with cDNA encoding GFP, GFP-Cypin or GFP-CypinS using Lipofectamine 

2000 (Invitrogen) following the manufacturer’s protocol. Forty-eight hours after 

transfection, cells were washed with ice-cold phosphate-buffered saline (PBS), and images 

were taken using a fluorescence microscope. The protocol for the guanine deaminase assay 

was modified from Paletzki [14] as we have previously reported [3]. Cells were fixed for 1hr 

in 3% glutaraldehyde in 0.05M sodium cacodylate buffer, pH 7.8. Endogenous xanthine was 

removed by incubating the coverslips in 2.5U/ml xanthine oxidase (Sigma) in bicine buffer 

for 15–30 min at 37°C followed by two 5min rinses in bicine buffer. Cells were incubated in 

substrate solution (8mM guanine, 0.625U/ml xanthine oxidase, 0.9% 4-nitro blue 

tetrazolium chloride (NBT; Sigma) in 0.1M bicine pH 7.8) for 1–3hr at 37°C. The reaction 

was stopped by washing the cells in distilled water twice for 2 min and coverslips were 

mounted onto slides. Control reactions were performed without guanine.

Amplex Red Assay

HEK293 cells were plated at 1 million cells/well of 6 wells plate on DIV0 and transfected 

with indicated plasmids using Lipofectamine 2000 (Invitrogen) on DIV1. Cells were lysed 

in GDA lysis buffer (150 mM NaCl, 25 mM Tris–HCl, pH 7.4 and 1 mM PMSF) on DIV3 to 

prepare lysate. 50 μg of lysate was subjected to guanine deaminase assay using GDA lysis 

buffer containing 0.025 U/ml xanthine oxidase (Sigma), 0.002 U/ml peroxidase (Sigma), 50 

μM Amplex Red reagent (Molecular Probes), and 16 mM guanine (Sigma). Samples were 

centrifuged at 9500 x g for 1 min at to remove insoluble guanine. Negative control without 

guanine were also used. All samples were incubated at 37°C and absorbance was recorded at 

571nm using a single beam Genesys 10 UV/vis Spectrophotometer (Spectronic, UK) at 

indicated time intervals [4,44].

Hippocampal neuronal culture and transfection

Hippocampal neuronal cultures were prepared from rat embryos at 18 days gestation as 

previously described [45]. Neurons were cultured in Neurobasal medium (Life 

Technologies) supplemented with B27, L-glutamine, penicillin, and streptomycin. Neurons 

were plated on to glass coverslips coated with poly-D-lysine (0.1mg/ml, Sigma) in a 37°C 

incubator with 5 % CO2. Neurons were plated at a density of 105,000 cells/cm2 for dendrite 

branching experiments and at a density of 50,000 cells/cm2 for spine analysis. Neurons were 

transfected with pEGFP-C1, pEGFP-C1-Cypin or pEGFP-C1-CypinS using Lipofectamine 

LTX+PLUS (Invitrogen) following the manufacturer’s protocol for dendrite branching and 

using calcium phosphate transfection for spine analysis [45]. For all conditions, neurons 
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were co-transfected with pGW1-mRFP to visualize dendrites and axon. For dendrite 

branching experiments, neurons were transfected at 7 days in vitro (DIV7) and fixed with 

4% paraformaldehyde (PFA) in PBS at DIV12. For spine analysis, neurons were transfected 

on DIV14 and fixed on DIV17. Cells were immunostained with chicken anti-GFP (1:250; 

Thermo Fisher Sci.), rabbit anti-RFP (1:250; Rockland) and mouse anti-MAP2 (1:250; BD 

PharMingen). Immunostaining was visualized with Cy2-, Cy3-, or Cy5-conjugated 

secondary antibodies (1:500; Thermo Fisher Sci.).

Dendrite branching and Sholl analysis

Imaging was performed using an EVOS-FL fluorescence imaging system (Thermo Fisher 

Sci.). All images were analyzed using ImageJ software (NIH) and MATLAB (MathWorks). 

Sholl analysis was performed using the Bonfire program developed by the Firestein 

laboratory [15–17]. In brief, concentric circles were drawn around the soma every 6 μm and 

intersections with dendrite branches were counted. All data were exported from MATLAB 

to Excel for quantification. Statistical differences (p<0.5) were determined by two-way or 

one-way ANOVA followed by Tukey’s multiple comparisons test using GraphPad Prism6 

software. The experimenter was blinded to conditions during all Sholl and data analyses.

Synaptosomal Fractionation

One hemisphere from an adult or P14 male mouse brain was lysed in 1.2 ml sucrose buffer 

(10 mM HEPES, pH 7.5, 1.5mM MgCl2, 320mM sucrose, 5mM EDTA, 5mM dithiothreitol 

(DTT), 0.1 mM PMSF, 10 μM MG132, PMSF and 1x protease Inhibitors). The lysate was 

centrifugated for 10 min at 1000 x g to remove nuclei and cellular debris. The supernatant 

was centrifuged for 15 min at 10,000 x g to pellet crude synaptosomes and a supernatant 

containing soluble proteins. The pellet was resuspended in sucrose buffer containing 1% 

Triton X-100 for 1 hr at 4°C followed by centrifugation for 30 min at 40,000 x g using a 

TLA 100.3 fixed angle rotor in a Beckman Coulter Optima LTX centrifuge to isolate a pellet 

containing synaptic membranes and supernatant containing synaptic cytosol [46].

Immunoprecipitation

Mouse whole brain lysate was prepared in 1x RIPA buffer with PMSF and protease inhibitor 

cocktail at 4°C as mentioned above. Protein (2 mg) was used to immunoprecipitate PSD-95 

with 5 μg anti-ms-PSD-95 (K28/43, NeuroMab) and 50 μl Protein G magnetic beads (GE 

Healthcare). 5 μg of normal mouse IgG was used for control immunoprecipitation. 

Precipitated protein was eluted from antibody-bead complexes using 2x SDS-PAGE sample 

buffer (125 mM Tris, pH 6.8, 20% glycerol, 4% sodium dodecyl sulfate, 0.01% 

bromophenol blue, 5% β-mercaptoethanol) and subjected to Western blot analysis.

Dendritic Spine Analysis

Images of dendritic segments were taken with a 60x Plan Apo oil-immersion objective (NA 

1.4) using a Yokogawa CSU-10 spinning disk confocal head attached to an inverted 

fluorescence microscope (Olympus IX50). X-Y and Z-resolution were set as 0.067 

μm-0.067 μm and 0.1 μm, respectively, to define dendritic spines. All images were analyzed 

using ImageJ software (NIH). The number of protrusions was counted from two randomly 
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chosen secondary or tertiary dendrites per neuron. Spines along dendritic segments were 

counted at distances 20 μm to 80 μm from the soma. Spines were manually counted from at 

least 14 neurons for each experimental condition. The following criteria were used in excel 

to classify spines: mushroom spines have total length < 5μm and head width/neck width > 

1.5; thin spines have total length <5 μm and head width/neck width >1 but ≤ 1.5; stubby 

spines have total length ≤ 1 μm and head width/neck width ≤ 1; filopodia have total length > 

1 and head width/neck width ≤ 1. Mushroom and thin/stubby are mature and immature 

spines, respectively. Analysis was performed with the experimenter blinded to the condition.

Lentivirus production

cDNA encoding cypin or cypinS was cloned into the pHUG lentiviral vector (gift from Dr. 

Christoph Proschel) at the BsrG1 site using the Infusion HD Cloning kit (Takara Bio USA, 

Inc.) by following the manufacturer’s protocol. In brief, on day 1, HEK293 cells were plated 

at the density of 6.5 x 106 cells/ T75 flask. On day2, cells were transfected by the calcium 

phosphate method [45] with lentiviral plasmids for expression of GFP, GFP-cypin, or GFP-

cypinS and PAX2 and VSV packaging vectors. On day5, supernatant was collected and 

centrifuged at 1500 x g for 5 min to remove dead cells and debris. The supernatant was 

transferred into a new tube containing 5x PEG-it virus precipitation solution (System 

Biosciences), thus diluting 1:4, followed by incubation at 4°C for 2 days to concentrate the 

virus. On day 7, the mixture was centrifuged at 1500 x g for 30 min at 4°C to pellet the 

virus. The supernatant was carefully removed, and the pellet was resuspended in 150–200 μl 

sterile PBS and aliquoted into 10μl fractions stored at −80°C [47].

Electrophysiology

All electrophysiological recordings were performed as we previously described [48]. In 

brief, hippocampal neurons were transduced on DIV 14 with lentivirus encoding GFP, GFP-

cypin, or GFP-cypinS, and recording was performed on DIV 20–21. Whole cell patch-clamp 

recordings were made on the soma of hippocampal neurons. For recordings, cells were 

bathed in artificial cerebrospinal fluid (ACSF) containing (in mM): 140 NaCl, 5 KCl, 2 

CaCl2, 2 MgCl2, 10 HEPES, and 10 Glucose (pH 7.4 adjusted with NaOH; 290–310 

mOsmol). Recording electrodes (3–5 MΩ) contained a K-based internal solution composed 

of (in mM): 126 K-gluconate, 4 KCl, 10 HEPES, 4 ATP-Mg, 0.3 GTP-Na2, 10 

Phosphocreatine, and 10 QX-314 bromide (pH 7.2; 280–300 mOsmol). In order to record 

miniature excitatory postsynaptic currents (mEPSCs), action potentials were blocked with 1 

μM tetrodotoxin (Tocris, R&D Systems), and GABA inhibitory currents with 50 μM 

picrotoxin (Tocris, R&D Systems). The membrane potential was held at −70mV throughout 

all experiments. Data were amplified and filtered at 2 kHz by a patch-clamp amplifier 

(Multiclamp 700B), digitalized (DIGIDATA 1440A), stored, and analyzed by pCLAMP 

(Molecular Devices, Union City, CA). Data were discarded when the input resistance 

changed >20% during recording.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic of the GDA gene and resulting cypin proteins. a. Alternative splicing of GDA, 

resulting in two isoforms of cypin. Alternative exon 1 for short isoform of cypin (cypinS - 

Ensembl: ENSMUST00000121725; cypin - Ensembl: ENSMUST00000087600) is indicated 

in green. This alternative exon is present in mouse and human, but not rat. b. Schematic of 

cypin proteins. The zinc-binding domain (brown) binds zinc [4], the collapsin response 

mediator protein (CRMP) homology domain (peach) binds tubulin heterodimers [3], and the 

PDZ-binding motif (red) binds to PSD-95 family members [2]. Additional residues involved 

in zinc binding, His240, His279, and Asp330, are highlighted (black lines; [4]).
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Fig. 2. 
Expression of cypinS mRNA and protein. a. Detection of cypinS mRNA transcripts in 

mouse brain by qRT-PCR reaction. b. Detection of cypin protein isoforms with polyclonal 

rabbit anti-cypin antibody (BF6, raised against full length cypin; [8,12]). Overexpression of 

indicated proteins in HEK293 cells demonstrates that our polyclonal antibody recognizes 

both cypin and cypinS protein and that the two isoforms are easily resolved by Western 

blotting. GAPDH is shown as a control for equal protein loading. c. Expression of cypin and 

cypinS proteins in different brain regions. d. Expression of cypin and cypinS proteins in 

different mouse organs. e. CypinS is expressed in human brain.
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Fig. 3. 
Expression profile of cypin and cypinS proteins in mouse brain. a. Relative mRNA levels 

(normalized to GAPDH) of cypin and cypinS at developmental time points P0, P7, P14, P30 

and P100. mRNA was isolated from four different mouse brains and subjected to qRT-PCR 

to determine the fold change in mRNA levels compared to adult brain (P100). *p<0.05, 

**p<0.01 compared to P100 for cypinS. #p<0.05, P100 vs P7 for cypin. p values were 

determined by two-tailed Student’s t-test comparing the 2(−ΔCt) values of the two groups. 

The p value is adjusted using Benjamini-Hochberg False Discovery Rate. n=4 biological 

replicates (male mice), each with three technical replicates. Internal control=GAPDH; 

Calibrator or reference group=P100 (adult mouse brain). DataAssist Software automatically 

excluded outliers of technical replicates. b. Quantification and representative images of blots 

for relative protein levels of cypin and cypinS at various developmental time points. Cypin 

and cypinS levels peak at developmental time points P7 and P14. **p<0.01, P100 vs P7; 

*p<0.05, P100 vs P14 (cypin). p=0.07, P100 vs P7; #p<0.05, P0 vs P14 (cypinS). c. Relative 

protein levels of cypin and cypinS in different mouse brain regions, demonstrating 

significantly low levels of cypin in cerebellum compared to whole brain. ****p<0.0001, 

whole brain vs cerebellum (cypin). All statistics determined by one-way ANOVA followed 

by Dunnett’s multiple comparisons test. n=3–4. Error bars= ± SEM.

Patel et al. Page 18

Mol Neurobiol. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG. 4. 
CypinS does not function as a guanine deaminase. a. COS-7 cells were transfected with 

pEGFP-C1, pEFGP-C1-Cypin or pEGFP-C1-CypinS, fixed, and subjected to guanine 

deaminase assay. -guanine is negative control lacking guanine substrate in the reaction. 

Cypin has guanine deaminase activity while cypinS lacks guanine deaminase activity. Scale 

bar=100μm. b Western blot analysis for detection of protein expression of GFP, cypin-GFP, 

and cypinS-GFP in transfected HEK293 cells. c. Amplex Red colorimetric assay to analyze 

guanine deaminase activity [4,44]. HEK293 cell lysate (50μg) was subjected to the assay. 

Lysate from HEK293 cells expressing GFP and cypin were used as negative and positive 

controls, respectively. Lysate from cells expressing cypinS does not demonstrate guanine 

deaminase activity (n=3). Error bars=± SEM.
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Fig. 5. 
Overexpression of cypin or cypinS results in increased dendrite branching in rat 

hippocampal neurons. Hippocampal neurons were cultured from rat embryos at 18 days 

gestation. Neurons were transfected on DIV7 with pEGFP-C1-Cypin or pEGFP-C1-CypinS, 

co-transfected with cDNA encoding mRFP (to fill the dendritic arbor), and fixed at DIV12. 

a. Representative inverted mRFP images. b. Sholl analysis of neurons expressing indicated 

proteins. c. Overexpression of cypin or cypinS results in increased proximal dendritic 

arborization compared to control neurons expressing GFP. Blue solid line: p<0.05, control vs 

cypin; red solid line: p<0.05, control vs cypinS, determined by two-way ANOVA followed 

by Tukey’s multiple comparisons test. d–i. Overexpression of cypin or cypinS increases 

tertiary and higher order dendrites, total number of dendrites, branch points, and terminal 

points. *p<0.05 (terminal points), **p<0.01 (tertiary and higher order dendrites, total 

number of dendrites), ***p<0.001 (branch points), control vs cypin. *p<0.05 (tertiary and 

higher order dendrites, total dendrites, and branch points), **p<0.01 (terminal points), 

control vs cypinS. Determined by one-way ANOVA followed by Tukey’s multiple 

comparisons test. Error bar=±SEM. n=38 (control), n=39 (cypin), and n=38 (cypinS). Scale 

bar= 50 μm.
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Fig. 6. 
Overexpression of cypin, but not cypinS, alters spine density and morphology. a. Western 

blot analysis demonstrating the presence of cypin and cypinS in synaptosomal fractions from 

brains of young (P14) and adult (P120) mice. b. Co-immunoprecipitation of cypin and 

cypinS with PSD-95 from whole brain lysate. PSD-95 is detected as multiple bands, 

consistent with previous reports. Cypin and cypinS are detected in PSD-95 

immunoprecipitates with a smaller molecular weight band below where cypinS is detected, 

representing a modified cypinS or possible degradation product. c. Representative images of 

dendritic spines at DIV17 from neurons transfected with pEGFP-C1 (control), pEGFP-C1-

Cypin, or pEGFP-C1-CypinS. d. Total spines/10 μm within a 60 μm segment away from the 

soma in neurons expressing indicated proteins. **p<0.01, control vs cypin; p=0.077, control 

vs cypinS (total spines) determined by one-way ANOVA followed by Tukey’s multiple 

comparisons test. e. Mature spines/10 μm within a 60 μm segment away from the soma in 

neurons expressing indicated proteins. *p<0.05, control vs cypin; p=0.096, control vs cypinS 

(number of mature spines) determined by one-way ANOVA followed by Tukey’s multiple 

comparisons test. f–h. Overexpression of cypin or cypinS has no effect on immature spine 

density, spine width, or spine length. n=14 (control), n=16 (cypin), n=16 (cypinS) from three 

independent rat cultures. Error bar= ± SEM. Scale bar= 5 μm.
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Fig. 7. 
Overexpression of cypin or cypinS results in increased frequency of miniature excitatory 

postsynaptic currents (mEPSCs). mEPSCs were recorded on DIV21 from rat hippocampal 

neurons overexpressing GFP (n=16), cypin (n=15), or cypinS (n=13). a. Representative trace 

recordings. b–c. Bar graph analysis of mEPSC frequency and amplitude. *p<0.05, control vs 

cypin; ****p<0.0001, control vs cypinS; #p<0.05, cypin vs cypinS. p values determined by 

Kruskal-Wallis test followed by Dunn’s multiple comparisons test. Error bars= ± SEM.
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Fig. 8. 
Summary of the specific effects of overexpression of cypin or cypinS on dendrites, spines 

and electrophysiology. Cypin is guanine deaminase while cypinS does not have this 

enzymatic activity. Cypin overexpression increases proximal dendrite branching, and 

overexpression of cypinS increases distal dendrite branching. Cypin overexpression 

decreases spine density, while overexpression of cypinS has no effect on spine density. 

Overexpression of cypin or cypinS increases mEPSC frequency, with cypinS overexpression 

showing significantly greater mEPSC frequency than that observed with cypin 

overexpression.
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