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A B S T R A C T  

ZCCHC17 is a master regulator of synaptic gene expression and has recently been shown to play a role in splicing of neuronal mRNA. We 
previously showed that ZCCHC17 protein declines in Alzheimer’s disease (AD) brain tissue before there is significant gliosis and neuronal 
loss, that ZCCHC17 loss partially replicates observed splicing abnormalities in AD brain tissue, and that maintenance of ZCCHC17 levels 
is predicted to support cognitive resilience in AD. Here, we assessed the functional consequences of reduced ZCCHC17 expression in pri-
mary cortical neuronal cultures using siRNA knockdown. Consistent with its previously identified role in synaptic gene expression, loss of 
ZCCHC17 led to loss of synaptic protein expression. Patch recording of neurons shows that ZCCHC17 loss significantly disrupted the exci-
tation/inhibition balance of neurotransmission, and favored excitatory-dominant synaptic activity as measured by an increase in spontane-
ous excitatory post synaptic currents and action potential firing rate, and a decrease in spontaneous inhibitory post synaptic currents. These 
findings are consistent with the hyperexcitable phenotype seen in AD animal models and in patients. We are the first to assess the functional 
consequences of ZCCHC17 knockdown in neurons and conclude that ZCCHC17 loss partially phenocopies AD-related loss of synaptic 
proteins and hyperexcitability.
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I N T R O D U C T I O N

Synaptic dysfunction is a critical event in Alzheimer’s disease 
(AD) pathogenesis (1, 2), and synaptic loss correlates strongly 
with premortem cognitive status (3–5). These structural 
changes are accompanied by large-scale dysregulation of syn-
aptic gene expression in AD brain tissue (6–8), and these find-
ings have been replicated in recent RNA-seq studies (9–11). 
In animal models of AD, aberrations in synaptic physiology 
(12–15) and synaptic structural abnormalities (14, 16–18) 
have been widely reported. Several therapeutic strategies 
based on rescuing synaptic dysfunction are currently being 
pursued (19, 20), and the molecular basis for synaptic 
dysfunction in AD remains an outstanding question for 
the field.

We previously identified ZCCHC17 during a screen for 
master regulators of synaptic dysfunction in AD (21), and pro-
posed ZCCHC17 as a candidate regulator that is predicted to 
have reduced activity in AD leading to dysregulation of gene 
expression across a broad range of categories, including synap-
tic. ZCCHC17 was discovered in 2002 while screening a 
cDNA library for RNA binding proteins (22) and was also 
independently found in 2003 using a yeast 2-hybrid screen 
that searched for pinin-interacting proteins (23). The exact 
function of ZCCHC17 is an area of active research, and recent 
evidence suggests that it has roles in both mRNA (24) and 
rRNA (25) processing, and that it may coordinate a variety of 
homeostatic functions in the cell (24). ZCCHC17 protein is 
expressed in neurons and declines in AD brain tissue before 
significant gliosis or neuronal loss; knockdown of ZCCHC17 
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in rat neuronal cultures leads to dysregulation of a wide range 
of genes, including synaptic genes (21). More recently, we 
showed that ZCCHC17 regulates neuronal RNA splicing 
using human IPSC-derived neurons; thus, loss of ZCCHC17 
may explain a portion of splicing abnormalities in AD brain 
tissue (26). Further, we have shown that CNS ZCCHC17 
expression predicts cognitive resilience in the setting of AD 
pathology (26). Support for ZCCHC17 activity may therefore 
represent a therapeutic strategy. All of this suggests that 
ZCCHC17 is integral for normal neuronal functioning. How-
ever, the proteomic and electrophysiologic consequences of 
ZCCHC17 knockdown have not previously been explored in 
neurons.

Here, we evaluated the functional consequences of reduced 
ZCCHC17 expression in primary cortical cultures. Consistent 
with ZCCHC17’s predicted role as a master regulator of syn-
aptic genes, we found that ZCCHC17 knockdown leads to a 
loss of synaptic protein expression using a range of markers. 
Patch recording of neurons showed that loss of ZCCHC17 
significantly disrupts the excitation/inhibition (E/I) balance 
of neurotransmission and favors excitatory-dominant synaptic 
activity as measured by an increase in spontaneous excitatory 
post synaptic currents (sEPSCs) and action potential firing 
rate, and a decrease in spontaneous inhibitory post synaptic 
currents (sIPSCs). We are the first to assess the functional 
consequences of reduced ZCCHC17 expression in neurons, 
and conclude that ZCCHC17 is necessary to maintain synap-
tic protein expression and proper E/I balance of neurotrans-
mission. Thus, loss of ZCCHC17 function may contribute to 
hyperexcitability in AD.

M A T E R I A L S  A N D  M E T H O D S
Primary cortical culture

For imaging experiments, glass coverslips were coated over-
night in 2% w/v poly-D-lysine hydrobromide ([PDL], Sigma 
P6407) in HBSS. E17 rat pup cortices were incubated in Tri-
pLE Express (Thermo Fisher Scientific, Waltham, MA, USA, 
12605036) at 37�C for 12 minutes and mechanically dissoci-
ated with repeated pipetting. Cells were plated at approxi-
mately 15 000 cells/cm2 on PDL-coated coverslips in 
Neurobasal media (Thermo Fisher Scientific, 21103049) sup-
plemented with B27 plus (Thermo Fisher Scientific, 
A3582801), Glutamax (Thermo Fisher Scientific, 35050061), 
and 1% penicillin/streptomycin (Thermo Fisher Scientific, 
15140148). For protein collection experiments, 6-well poly-
styrene plates were coated with PDL solution overnight and 
cells were plated at approximately 125 000 cells/cm2 with the 
supplemented neurobasal media described above. For all 
experiments, cells were half-fed on DIV4 and DIV7 with sup-
plemented neurobasal media and treated on DIV7 with 1 μM 
of either a pool of 4 siRNA targeting ZCCHC17 (Horizon 
Discovery, E-105851-00-0050) or a pool of nontargeting con-
trol siRNA (Horizon Discovery, D-001910-10-50).

Immunocytochemistry
Primary antibodies used for immunocytochemistry include: 
anti-Postsynaptic density (PSD95) (1:500, Neuromab clone 

K28/43), anti-MAP2 (1:1000, Novus, Chesterfield, MO, USA 
NB300213), anti-VGLUT (1:500, Synaptic Systems, Goettin-
gen, Germany, 135302), anti-VGAT (1:500, Synaptic Systems 
131011), anti-Shank3 (1:500, Synaptic Systems 162302), and 
anti-Gephyrin (1:500, Synaptic Systems 147011). Secondary 
antibodies (Invitrogen, Waltham, MA, USA) were used at a 
1:1000 dilution. DIV14 rat primary cortical cultures were 
washed 3 times in Dulbecco’s phosphate-buffered saline 
(DPBS) before fixing in 4% paraformaldehyde (PFA) for 
20 minutes. After 2 × 5-minute washes in DPBS with 0.25% 
Triton-X100 and a 5-minute wash in DPBS, the cells were 
blocked for 1 hour in 10% goat serum in DPBS at room tem-
perature. Cells were then stained with primary antibody pre-
pared in 1% BSA/DPBS at 4�C overnight. After 3 × 5-minute 
washes in DPBS, cells were stained with secondary antibody 
for 1 h at room temperature. After a 5-minute wash in 40,6-dia-
midino-2-phenylindole (DAPI) and 2 5-minute washes in 
DPBS, the coverslips were mounted on slides with Vectashield 
(Vector Labs H-1000-10), sealed with nail polish, and stored 
at 4�C for later imaging.

Imaging and analysis
Confocal microscopy was used to capture Z-stack images of 
the cultured neurons at 63× magnification. Images were taken 
of the dendrites proximal to the soma, including a small sec-
tion of the soma. Images were processed with CellProfiler 
v4.2.1 (27). Each Z-stack image was combined by a maximum 
intensity projection of each channel. The region of interest 
(ROI) for the image analysis was limited to a 50 μm length of 
a dendrite contiguous with the soma, with threshold held on 
the microtubule-associated protein 2 (MAP2) channel using 
the global 2-class Otsu method (28), and expanded by 2 mm 
in all directions. MAP2 area was measured from the 50-μm 
dendrite length before its expansion. To determine puncta 
counts, puncta were first enhanced with a 10-pixel maximum 
width white top hat filter, then features at a 2-pixel width or 
smaller were suppressed. The IdentifyPrimaryObjects module 
with the global robust thresholding method was used to iden-
tify immunoreactive puncta through thresholding, with a cut-
off determined by the mean absolute deviation of the median 
after discarding 99% of the bottom intensity pixels, and 0.1% 
of the top intensity pixels (29). Only puncta that overlapped 
with the ROI were counted. Puncta count was normalized by 
paired MAP2 area for each image. We performed unpaired 2- 
sided t-test for significance.

Synaptoneurosome preparation and immunoblotting
Synaptic proteins from cultured neurons were extracted using 
the Syn-Per protein extraction kit according to the man-
ufacturer’s protocol (Thermo Fisher Scientific, cat #: 87793). 
Briefly, cultured neurons were lysed in 200 μL of Syn-Per 
reagent in 6-well plates and collected on ice. Samples were 
then centrifuged at 1200g for 10 minutes at 4�C. Supernatant 
was further centrifuged at 15 000g for 20 minutes at 4�C, 
yielding a cytosolic fraction and a synaptosomal pellet. The 
pellet was then lysed in 25 μL of Syn-Per reagent supple-
mented with protease and phosphatase inhibitors. For immu-
noblotting, samples were prepared under reducing conditions 
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in 4× Laemmli buffer, heated at 70�C for 5 minutes, and 
loaded onto 4%–20% Tris-Glycine Novex SDS- 
polyacrylamide gels (Invitrogen). Samples were then trans-
ferred onto polyvinylidene fluoride membrane (Millipore, Bur-
lington, MA, USA), and blocked in 5% milk/phosphate- 
buffered saline with Tween 20 (PBS-T) for 30 minutes at 
room temperature. All primary antibody incubations were per-
formed at 4�C overnight followed by 3 × 10-minute washes 
with PBS-T. Secondary antibody incubations were performed 
at room temperature for 1 hour, followed by 3 × 10-minute 
washes with PBS-T. The following primary antibodies (and 
dilutions) were used: γ-aminobutyric acid type A receptor 
(GABAAR; 1:500; sc-376282; Santa Cruz Biotechnology, Dal-
las, TX, USA), GluA1 (1:250; 13185S; Cell Signaling), and 
GAPDH (1:1000; sc-47724; Santa Cruz Biotechnology) as a 
loading control. Horseradish peroxidase-conjugated secondary 
antibodies (BD Biosciences, Franklin Lakes, NJ, USA) were 
diluted in the range of 1:5000 (for GAPDH) to 1:7000 (for 
GABAAR and GluA1 blots). Blots were then scanned using 
the ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, 
USA). Blots were stripped using Restore Western Blot Strip-
ping Buffer (Thermo Fisher Scientific) for 15 minutes, washed 
3 × 10 minutes in PBS-T, and reprobed for GAPDH as 
described above. Protein bands were quantified using ImageJ 
(NIH) and total density of each band was normalized to total 
protein levels for each sample as indicated by GAPDH band 
densities. Unpaired 2-tailed t-test was used to determine if the 
level of the protein of interest in the nontargeting control 
siRNA group differed from the level of the protein in the 
ZCCHC17 siRNA group. The p value listed for each protein 
is for an unpaired 2-tailed t-test with statistical significance of 
p< 0.05.

Electrophysiology
Passive and active membrane properties were assessed using 
conventional whole-cell current clamp technique as described 
previously (30). Briefly, primary cortical neurons were plated 
on 15 mm coverslips at a density of 125 000 cells per well. 
Cells were treated with ZCCHC17 or nontargeting control 
siRNA at DIV7, and recordings were performed between 
DIV14-16. Neuronal cultures were perfused at room tempera-
ture with an extracellular solution (145 mM NaCl, 5 mM KCl, 
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES), 1.3 mM MgCl2, 2 mM CaCl2, 10 mM glucose; pH 
7.3, 325mOsm). To measure intrinsic neuronal properties and 
spontaneous EPSCs, neurons were held at −70 mV and 
recorded over 5 minutes using a MultiClamp 700B amplifier 
(Molecular Devices, San Jose, CA, USA) controlled with a PC 
running MultiClamp Commander and pClamp (Molecular 
Devices), and pass filtered at 2 kHz. Spontaneous IPSCs were 
recorded in the presence of APV and CNQX to block 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) and N-methyl-D-aspartate (NMDA) receptors 
respectively (added to extracellular solution), held at 0 mV 
and recorded over 5 minutes as stated above. The internal sol-
utions consisted of the following: 110 mM Cs- 
methanesulfonate, 10 mM Na-methanesulfonate, 10 mM 
EGTA, 1 mM CaCl2, 10 mM HEPES, 10 mM TEA, 5 mM 

MgATP, 0.5 mM NaGTP (pH 7.3, 305mOsm). Pipette resist-
ance typically registered at 5–8 mΩ. To measure action poten-
tials, pipettes were filled with intracellular solution containing: 
130 mM K-methanesulfonate, 10 mM Na-methanesulfonate, 
10 mM EGTA, 1 mM CaCl2, 10 mM HEPES, 5 mM MgATP, 
0.5 mM NaGTP. Action potentials were evoked and rheobase 
obtained using 1 s duration depolarizing current steps that 
increased incrementally by 5 pA. An action potential was defined 
as a transient depolarization of the membrane which had a mini-
mum rise rate >10 mV/ms and reached a peak amplitude of 
>0 mV. The maximum number of action potentials was meas-
ured from a 1 s current step. Quantification of action potential 
characteristics was carried out using custom written scripts for 
Igor Pro v.6 (WaveMetrics, Portland, OR, USA).

Recordings of the potassium currents were performed in 
whole-cell mode using a Multiclamp 700B amplifier (Molecu-
lar Devices) with a Digidata 1440A Digitizer (Molecular Devi-
ces). Signals were filtered at 1 kHz. Currents were elicited by 
consecutively voltage steps from −90 mV to þ60 mV, and 
leak subtraction was performed off-line for each current. Data 
acquisition and off-line analysis of spontaneous EPSCs and 
IPSCs were performed with pClamp (Clampex version 10.4). 
The extracellular solution for measuring potassium currents 
consisted of 119 mM NaCl, 5 mM KCl, 20 mM HEPES, 
30 mM glucose, 2 mM CaCl2, 2 mM MgCl2, and 0.001 mM 
glycine (330 mOsm; pH 7.3), and the intracellular solution 
consisted of 130 mM K-gluconate, 10 mM KCl, 5 mM HEPES, 
5 mM MgCl2, 0.06 mM CaCl2, 0.6 mM EGTA, 2 mM 
MgATP, and 0.2 mM Na2GTP (310 mOsm; pH 7.3).

Statistics
Statistical analyses were performed in GraphPad Prism using 
two-way ANOVA or unpaired 2-tailed t-tests, with p< 0.05 
considered significant. sEPSC and sIPSC events were detected 
and analyzed with MiniAnalysis (version 6.0.3; Synaptosoft, 
Fort Lee, NJ, USA) as described previously (30).

R E S U L T S
Excitatory and inhibitory synaptic proteins are reduced 

with ZCCHC17 knockdown
AD is characterized by loss of synapses as well as synaptic pro-
teins (1–5). We first determined whether common synaptic 
markers previously examined in AD brain tissue (31–38) are 
affected by ZCCHC17 knockdown. We performed immuno-
fluorescent staining for the excitatory marker PSD95, which 
demonstrated loss when normalized to MAP2 (Fig. 1A, B). 
Interestingly, presynaptic markers of excitation (VGLUT) and 
inhibition (VGAT) did not show significant changes in our 
neuronal cultures after ZCCHC17 knockdown (Fig. 1C, D). 
Subsequent immunofluorescence showed that the postsynap-
tic excitatory marker Shank3 also did not show a significant 
decline after ZCCHC17 knockdown, although gephyrin did 
show a significant decline (Fig. 1E, F). Based on the observed 
decreases in excitatory and inhibitory postsynaptic scaffolding 
proteins, we next sought to determine whether the expression 
of postsynaptic receptor proteins would also change as a result 
of reduced ZCCHC17 levels. To test this, we prepared 
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synaptic fractions (synaptoneurosomes) from primary cortical 
neurons treated with control and ZCCHC17 siRNA and used 
immunoblotting to target the postsynaptic ionotropic gluta-
mate receptor GluA1 and the postsynaptic ionotropic GABA 

receptor GABAA. We found that synaptic levels of both the 
GluA1 and GABAA receptors are significantly reduced in 
siZCCHC17 neurons compared to siRNA control (siNC) 
(Fig. 1G, H).

Figure 1. Levels of excitatory and inhibitory synaptic proteins are reduced with ZCCHC17 knockdown. Immunostaining in siNC or 
siZCCHC17 DIV14 primary cortical neurons. (A) Representative images of PSD95. (B) Quantification of PSD95 intensity normalized to the 
expression of neurite marker microtubule-associated protein 2 (MAP2). PSD95 is significantly decreased with ZCCHC17 knockdown (n¼ 89 
and 84 for siNC and siZCCHC17, respectively; −19%; p¼ 0.0024). (C) Representative images of presynaptic excitatory vesicular protein 
(VGLUT1) and inhibitory vesicular protein (VGAT). (D) Quantification of VGLUT1 (n¼ 48 and 46 for siNC and siZCCHC17, 
respectively, p¼ 0.6773) and VGAT (n¼ 36 and 27 for siNC and siZCCHC17, respectively, p¼ 0.1567) normalized to MAP2. (E) 
Representative images of postsynaptic excitatory protein (Shank3) and inhibitory protein (Gephyrin). (F) Quantification of Shank3 and 
Gephyrin normalized to MAP2. ZCCHC17 knockdown also produces significant decreased expression of Gephyrin (n¼ 54 for both siNC and 
siZCCHC17, −17%, p¼ 0.034), but not Shank3 (n¼ 41 and 38 for siNC and siZCCHC17, respectively, p¼ 0.1247). (G) Representative 
immunoblots from siNC control and siZCCHC17 samples from synaptoneurosomes prepared from DIV14 primary cortical neurons. 
Synaptoneurosomes were immunoblotted with antibodies against synaptic proteins: excitatory glutamate receptor (GluA1) and inhibitory 
GABA receptor (GABAA). (H) Quantified group data for proteins expressed as a percentage of that in siNC control samples. Levels of GluA1 
and GABAA were normalized to GAPDH. n¼ 9 for each group with data from 3 independent experiments. For all graphs in figure, � denotes 
p< 0.05 using unpaired 2-tailed t-tests and data are presented with floating boxes from max to min with line at mean.
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Notably, most of the above synaptic proteins show varying 
levels of loss in AD brain tissue (31–36), although the evi-
dence is weaker for VGAT (37, 38) (which also shows no 
change in our ZCCHC17 knockdown). In order to determine 
whether lower mRNA levels of these genes could at least parti-
ally explain lower levels of these proteins, we analyzed previ-
ously published RNA-seq data from Tomljanovic et al (21), in 
which we reported mRNA data after ZCCHC17 knockdown 
in the same rat cortical culture preparation used in the present 
paper, collected at the same timepoint as the above immuno-
fluorescent and Western blot data. Almost all of the above 
synaptic proteins were significantly decreased at the mRNA 
level after ZCCHC17 knockdown in this dataset (Fig. 2). 
Shank3 is the only gene that did not decline at the mRNA 
level, paralleling the lack of decline at the protein level. Inter-
estingly, the presynaptic markers VGLUT and VGAT declined 
at the mRNA level after ZCCHC17 knockdown, even though 
we find no evidence for this at the protein level by immuno-
fluorescence. This could be due to a variety of reasons, includ-
ing the fact that protein levels do not always follow mRNA 
levels (39); this could also be due to limitations of our immu-
nofluorescence assay. It should also be noted that the reduc-
tion in synaptic proteins we document above could also be 
due to general decline in neuronal health after ZCCHC17 
knockdown, in addition to any direct loss of support for syn-
aptic gene expression. Notably, this may be particularly rele-
vant for gephyrin, which declines at the protein level, but only 
nominally declines at the mRNA level, and does not pass our 
false discovery rate (FDR) threshold of 0.05 for multiple 
hypothesis correction.

Reduced ZCCHC17 expression produces neuronal 
hyperexcitability

Disruptions of the E/I balance of neurotransmission is known 
to cause neural network hyperexcitability in AD (12, 33, 40), 
yet few assessments have been done on the single-cell level. 
Here we sought to determine the neurophysiological conse-
quences of reduced ZCCHC17 expression using whole-cell 
patch clamp electrophysiology recordings. Intrinsic neuronal 
properties and spontaneous neural activity were measured in 
primary cortical neurons (DIV14-16) treated with siNC con-
trol or siZCCHC17. We first determined that siRNA treat-
ment and reduced ZCCHC17 levels have no significant effects 
on the intrinsic membrane properties of primary cortical neu-
rons (Fig. 3A). Alterations in rectifier potassium channel activ-
ity occur in AD (41, 42), and contribute to hyperexcitability 
(43). We found that neurons with ZCCHC17 knockdown 
have reduced potassium current response following voltage- 
step stimuli (range: 0–40 mV) compared to siNC control neu-
rons (Fig. 3B). This reduction suggests that neurons may be 
more prone to excitation after ZCCHC17 knockdown. To 
determine whether reduced ZCCHC17 expression causes 
intrinsic neuronal hyperexcitability, we used current-clamp 
methods to measure action potential frequency. We observed 
a significant increase in the number of action potentials in 
siZCCHC17 neurons compared to siNC controls (Fig. 3C, D; 
20.5 ± 4.23). Next, we measured spontaneous excitatory 
(sEPSC) and inhibitory (sIPSC) currents in neurons express-
ing siNC control and siZCCHC17 to assess changes in excita-
tory and inhibitory neurotransmission. We observed a 
significant shift in the E/I ratio, as seen with an increase in the 

Figure 2. Differentially expressed genes in ZCCHC17 knockdown. Shown is a volcano plot for changes in gene expression after ZCCHC17 
knockdown, as reported in (21) (n¼ 6 cultures with control siRNA and 6 cultures with ZCCHC17 siRNA). mRNA of proteins from  
Figure 1 are highlighted and labeled by both the gene and protein name. False discovery rate (FDR) p-adjusted 0.05 threshold is 
represented by the red dotted line and the p value 0.05 threshold is represented by the black dotted line.
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frequency of sEPSCs in siZCCHC17 neurons compared to 
siNC control neurons (Fig. 4A, B), and a decrease in sIPSC 
frequency (Fig. 4C, D). These findings are consistent with 
previous reports showing that shifts in E/I ratio produce neu-
ronal hyperexcitability in AD (44). No significant differences 
were observed when comparing sEPSC (Fig. 4B) and sIPSC 
(Fig. 4D) amplitudes. These findings suggest that ZCCHC17 
reductions disrupt the E/I balance on a single-cell level; a find-
ing that further suggests specific targeting of glutamatergic 
and GABAergic activity.

D I S C U S S I O N
It is imperative to identify key events surrounding clinical phe-
notypes associated with AD to develop more effective diagnos-
tic tools and therapeutic approaches. We originally identified 
ZCCHC17 during a screen for master regulators of synaptic 
dysfunction in AD (21), and showed that ZCCHC17 protein 
is expressed in neurons and declines in AD brain tissue before 
significant gliosis or neuronal loss. Knockdown of ZCCHC17 
in rat neuronal cultures led to dysregulation of a wide range of 
genes, including synaptic genes (21). Recently, knockdown of 
ZCCHC17 in human IPSC-derived neurons led to significant 
splicing alterations that are also altered in AD; and ZCCHC17 
expression was shown to be predictive of cognitive resilience 

in the setting of AD pathology (26). Given the emerging role 
of ZCCHC17 in neuronal dysfunction in AD, it is imperative 
to better understand the functional consequences of 
ZCCHC17 loss in neurons. Here, we begin to address this 
question by examining the consequences of reduced 
ZCCHC17 expression on synaptic protein expression and 
electrophysiology in primary cortical cultures. Consistent with 
ZCCHC17’s predicted role as a master regulator of synaptic 
proteins, we found that loss of ZCCHC17 led to loss of synap-
tic protein expression using a range of markers that also 
decline in AD brain tissue. We also examined the electrophy-
siologic consequences of ZCCHC17 knockdown, and showed 
that loss of ZCCHC17 favors excitatory-dominant synaptic 
activity as measured by an increase in spontaneous EPSCs and 
action potential firing rate and by a decrease in spontaneous 
IPSCs. Thus, we conclude that ZCCHC17 is necessary to 
maintain proper E/I balance of neurotransmission to prevent 
neuronal hyperexcitability.

Hyperexcitability of neuronal networks contributes to sub-
clinical epileptiform activity that is thought to be an early clini-
cal feature of AD and to influence the rate of disease 
progression and the severity of cognitive decline (44). Human 
AD studies have reported periods of neuronal network hyper-
activity of the hippocampus in the presymptomatic stages of 
familial AD (45, 46), as well as subclinical epileptiform activity 

Figure 3. ZCCHC17 siRNA does not alter intrinsic neuronal properties, but increases action potential firing rate. Whole-cell patch clamp 
recordings from DIV14-16 primary cortical neurons treated with siZCCHC17 or siNC control. (A) Quantification of intrinsic membrane 
properties: action potential (AP) duration, AP threshold, resting membrane potential, capacitance, input resistance, and rheobase. Data 
presented as floating boxes from min to max with line at mean (minimum of 8 cells per group). No significant changes were detected 
between the 2 siRNA groups. (B) Potassium current (pA) in siNC and siZCCHC17 neurons following voltage steps at 10 mV increments. 
We observe significant reductions in potassium current following 0, 10, 20, 30, and 40 mV stimuli with ZCCHC17 knockdown (� indicates 
p< 0.05 for the current responses in the range of 0–40 mV using unpaired two-tailed t-test [0 mV: p¼ 0.02; 10 mV: p¼ 0.01; 20 mV: 
p¼ 0.01; 30 mV: p¼ 0.01; 40 mV: p¼ 0.01]), and there was significant overall difference between siNC and siZCCHC17 (2-way ANOVA 
mixed-effects model, p¼ 0.01). Asterisk indicates range of significant differences of individual currents responses between groups. n¼ 20 
cells for control siRNA, 15 cells for ZCCHC17 siRNA. (C) Representative traces of action potentials fired in response to depolarizing 
current steps (1 s duration, increased incrementally by 5 pA). (D) Quantification of the maximum action potential presented as floating box 
from min to max with line at mean (n¼ 8 cells per group, p¼ 0.0003).
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in cortical networks (47). Seizure and seizure-like activity 
resulting from network hyperexcitability can occur during any 
stage of AD, however (48, 49). Although this neurophysiologi-
cal phenomenon has been observed in AD patients, the under-
lying neurobiological mechanisms are not fully known. The 
balance between excitatory and inhibitory neurotransmission, 
as determined by postsynaptic currents through excitatory glu-
tamate and inhibitory GABA receptors, is necessary for normal 
network function (50, 51). Thus, it has been proposed that 
shifting of the E/I balance to favor excitatory glutamatergic 
neurotransmission may contribute to overall network hyperac-
tivity in AD (33).

How a disease of synaptic loss and dysfunction produces 
hyperactivity is an area of active research. Although there is 
some evidence that excitatory neurons are preferentially 
affected (at least initially) by tau (52, 53), there are also altera-
tions in inhibitory neurons in AD brain (37), and a number of 
studies show that hyperexcitability in AD results from reduced 
inhibitory (GABAergic) synaptic activity thereby creating an 
excitatory (glutamatergic) dominant system (54–56). This 
highlights the fact that both excitatory and inhibitory synapses 
are affected in AD and implies that any resulting hyperactivity 
results from an overall increase in excitation over inhibition, 
likely through a diversity of mechanisms. Our findings are 
consistent with recent work documenting this imbalance in 
human tissue, where an overall decline in both PSD-95 and 
gephyrin has been shown to still favor overall excitation both 
at the structural and electrophysiologic level (33). As research 
continues in this area, the findings in this study may provide 
an additional model for future work investigating one compo-
nent of hyperexcitability in AD. Along these lines, it is also 

important to note that our work was limited in its scope to an 
in vitro model of otherwise healthy neurons and that an inter-
vention providing ZCCHC17 rescue has not yet been 
attempted in an AD model. We hypothesize, given the func-
tional consequences of ZCCHC17 knockdown found in this 
study, that therapeutic upregulation of ZCCHC17 in an AD 
model would support synaptic function and could even parti-
ally rescue the hyperexcitable phenotype documented in AD 
brains. Future work aimed at the development of ZCCHC17- 
supporting agents would be valuable to further understanding 
its role in the context of AD pathology.

It is worth noting that frank synapse loss in human tissue 
specimens follows β-amyloid deposition (57), and most work 
shows that synapse loss is found in the context of at least mild 
clinical impairment (1, 3, 58–64). Some brain regions may 
show more resistance to synapse loss, however (65, 66). Thus, 
clinically apparent synaptic dysfunction in AD patients likely 
follows years of prodromal disease. We previously showed that 
ZCCHC17 loss precedes gliosis and neuronal loss, that 
ZCCHC17 levels predict cognitive resilience, and that 
ZCCHC17 dysfunction may be related to tau accumulation 
(21, 26). Thus, our prior work suggests that ZCCHC17 dys-
function is likely most relevant at the point of tau accumula-
tion and cognitive decline, but before later degenerative 
change. Although we cannot exclude a role for ZCCHC17 
dysfunction at an earlier time point, therapeutic rescue of 
ZCCHC17 dysfunction is probably most relevant at initial 
clinical presentation, rather than during the prodromal phase 
of AD. In light of this discussion, its bears emphasizing that 
ZCCHC17 dysfunction is likely a downstream consequence of 
AD pathology, not an initiating event in AD pathogenesis.

Figure 4. ZCCHC17 knockdown alters excitatory and inhibitory neurotransmission to produce hyperexcitability. Whole-cell patch clamp 
recordings from DIV14-16 primary cortical neurons treated with siZCCHC17 or siNC control. Spontaneous activity was recorded using 
voltage-clamp at −70 mV. (A) Representative traces of spontaneous excitatory post synaptic currents (EPSCs). (B) Quantification of 
spontaneous EPSC (sEPSC) frequency (n¼ 18 cells for siNC, n¼ 15 cells for siZCCHC17, p¼ 0.009) and amplitude (p¼ 0.17). (C) 
Representative traces of spontaneous inhibitory post synaptic currents (sIPSCs). (D) Quantification of sIPSC frequency (n¼ 9 cells for 
siNC, n¼ 16 cells for siZCCHC17, p¼ 0.01) and amplitude (p¼ 0.5). Statistical significance determined using unpaired 2-tailed t-tests 
and data presented as floating boxes from max to min with line at mean.
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The exact function of ZCCHC17 is a subject of ongoing 
investigation. ZCCHC17 has a single zinc finger (23) and 
therefore is unlikely to function as a classical transcription fac-
tor. While its role in RNA splicing is increasingly appreciated 
(24, 26), it has also been shown to coprecipitate with a variety 
of other RNA binding proteins (26), and its effect on overall 
mRNA levels may be multifactorial. Given its wide reach as a 
master regulator and involvement with many RNA binding 
proteins, it would be beneficial to understand its druggability 
by determining whether ZCCHC17 rescue supports restora-
tion of synaptic function in AD neurons and to what extent 
ZCCHC17 overexpression is safely tolerated in neurons. 
Indeed, RNA binding proteins themselves have recently been 
appreciated as druggable targets in a variety of diseases, 
although the safety profile varies depending on the specific tar-
get (67, 68). Ultimately, this is a question that cannot solely 
be addressed in culture systems, and will necessitate in vivo 
animal models. In our own work we have found that 
ZCCHC17 also coprecipitates with an array of proteins not 
related to RNA processing, including proteins involved in syn-
aptic vesicle cycling, autophagy, and stress granule formation 
(26). This is consistent with observations by other laborato-
ries that ZCCHC17 may coordinate a variety of homeostatic 
functions in the cell (24). While ZCCHC17’s effect on synap-
tic gene expression is an obvious candidate for explaining its 
effect on synaptic proteins, there could also be degeneration 
secondary to declining neuronal health from a variety of other 
mechanisms. Thus, it will be important in future work to 
untangle exactly how impaired ZCCHC17 function impacts 
synaptic function in AD.

In summary, we have explored the synaptic and physiologic 
consequences of impaired ZCCHC17 function, and docu-
mented both loss of synaptic proteins and an overall increase 
in excitatory activity, consistent with findings from AD brain 
tissue. This raises the question of how ZCCHC17 is impaired 
in AD and how this leads to synapse failure. Recent work has 
shown that ZCCHC17 coprecipitates with RNA-binding pro-
teins that also coprecipitate with tau (26). It is still unclear 
whether abnormal tau levels destabilize ZCCHC17 function. 
Future work will focus on this pathway as an avenue for tau- 
mediated neurodegeneration in AD.
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