
The dyslexia-associated gene Dcdc2 is required for spike-timing
precision in mouse neocortex

Alicia Che, Matthew J. Girgenti, and Joseph LoTurco
Department of Physiology and Neurobiology, University of Connecticut, Storrs, CT 06269

Abstract

Background—Variants in dyslexia-associated genes, including DCDC2, have been linked to

altered neocortical activation, suggesting that dyslexia associated genes may play as of yet

unspecified roles in neuronal physiology.

Methods—Whole-cell patch clamp recordings were used to compare the electrophysiological

properties of regular spiking (RS) pyramidal neurons of neocortex in Dcdc2 knock out (KO) and

wild-type (WT) mice. RNA-seq and RT-PCR were performed to identify and characterize changes

in gene expression in Dcdc2 KOs.

Results—Neurons in KOs showed increased excitability and decreased temporal precision in

action potential (AP) firing. The RNA-seq screen revealed that the N-methyl-D-aspartate receptor

(NMDAR) subunit Grin2B was elevated in Dcdc2 KOs, and an electrophysiological assessment

confirmed a functional increase in spontaneous NMDAR-mediated activity. Remarkably, the

decreased AP temporal precision could be restored in mutants by treatment with either the

NMDAR antagonist APV or the NMDAR 2B subunit (NR2B)-specific antagonist Ro 25-6981.

Conclusions—These results link the function of the dyslexia-associated gene Dcdc2 to spike

timing through activity of NMDAR.
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Introduction

Developmental dyslexia is caused by a still poorly understood interaction between genetic

and environmental factors (1–2). Single gene association studies and subsequent meta-

analyses provide relatively strong evidence for association between variants of genes on
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chromosome 6p21.3, including DCDC2 and KIAA0319, and risk for developmental

dyslexia (3–6). In addition, recent neuroimaging experiments demonstrate that variants of

both DCDC2 and KIAA0319 also associate with alterations in neocortical activation during

reading related tasks (7–10). One hypothesis emerging from these findings is that dyslexia

associated genes may function in the neurophysiology of neocortical circuits.

Results of previous in utero RNAi experiments show that targeting expression of either

Kiaa0319 or Dcdc2 in fetal rat somatosensory neocortex causes a displacement of

neocortical pyramidal neurons in neocortical circuits by disrupting neuronal migration

(3,11). Recent studies now show that neuronal migration is neither an essential nor the sole

function of Kiaa0319 or Dcdc2 in the cortex. For example, in Dcdc2 KO mice there are no

apparent disruptions in neuronal migration or displacement of neurons in neocortical circuits

(12–13). In spite of normal neocortical patterning, Dcdc2 KOs display behavioral deficits in

performing novel object recognition tasks, and in learning difficult versions of the Hebb-

Williams maze (13). In addition, RNAi targeting Kiaa0319 in developing auditory neocortex

does not result in significant displacement of neurons, but nevertheless results in alterations

in neurophysiological responses to speech stimuli, and in elevated excitability of neocortical

pyramidal neurons (14). Together, these results suggest effects of dyslexia-associated genes

that go beyond disruption in neuronal migration and may connect their function to cellular

neurophysiology.

In this study we sought to determine whether the genetic loss of Dcdc2 is associated with

measureable cellular neurophysiological changes in pyramidal neurons of mouse neocortex.

In the initial characterization we focused on properties of AP rate and AP timing, and found

consistently heightened excitability and altered spike-time precision in pyramidal neurons in

KOs. High throughput RNA-sequencing of the WT and KOs revealed up-regulation of the

2B subunit of NMDAR, Grin2B, and blocking NMDARs restored measures of temporal

precision in KO neurons to WT levels. Our results indicate that Dcdc2 functions in

maintaining temporal coding in neocortical neurons by regulating the expression and

function of NMDARs in neocortical pyramidal neurons.

Materials and Methods

Slice Preparation

P18–P28 WT and Dcdc2 KO mice were deeply anesthetized with isoflurane and then

decapitated. All experiments were performed under the approval of the University of

Connecticut Animal Care and Use Committee. Brains were rapidly removed and immersed

in ice-cold oxygenated (95% O2 and 5% CO2) dissection buffer containing (in mM): 83

NaCl, 2.5 KCl, 1 NaH2PO4, 26.2 NaHCO3, 22 glucose, 72 sucrose, 0.5 CaCl2, and 3.3

MgCl2. Coronal slices (400 μm) were cut using a vibratome (VT1200S, Leica), incubated in

dissection buffer for 40 min at 34°C, and then stored at room temperature for reminder of

the recording day. All slice recordings were performed at 34°C. Slices were visualized using

IR differential interference microscopy (DIC) (E600FN, Nikon) and a CCD camera

(QICAM, QImaging). Individual neurons were visualized with a 40x Nikon Fluor water

immersion (0.8 NA) objective.
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Electrophysiology

For all experiments, extracellular recording buffer was oxygenated (95% O2 and 5% CO2)

and contained (in mM): 125 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 3 KCl, 25 dextrose, 1

MgCl2, and 2 CaCl2. Patch pipettes were fabricated from borosilicate glass (N51A, King

Precision Glass, Inc.) to a resistance of 2–5 MΩ. The resultant errors were minimized with

bridge balance and capacitance compensation. For current-clamp experiments and slope

current measurement, pipettes were filled with an internal solution containing (in mM): 125

potassium gluconate, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 0.1 EGTA, 10 2-Tris-

phosphocreatine, 0.05% biocytin, adjusted to pH 7.3 with KOH and to 278 mOsm with

double-distilled H2O. Signals were amplified with a Multiclamp 700A amplifier (Molecular

Devices), digitized (ITC-18, HEKA Instruments Inc.) and filtered at 2 kHz. Data were

monitored, acquired and in some cases analyzed using Axograph X software. Series

resistance was monitored throughout the experiments by applying a small test voltage step

and measuring the capacitive current. Series resistance was 5~25 MΩ and only cells with

<20% change in series resistance and holding current were included in the analysis.

Reported membrane potentials and holding potentials were not corrected for liquid junction

potential unless otherwise specified.

For excitability measurements, 500 ms current steps were applied at 50 pA increments from

−300 pA to 500 pA. Numbers of APs per 500 ms were only quantified for steps 250 pA and

above to ensure all WT and KO cells were above firing threshold. For all spike-timing

experiments, GABAa receptors were blocked with SR-95531 (Gabazine, 5μM, Ascent

Scientific), and RMP was adjusted to −75 mV for all cells by injecting a small current.

Amplitudes of dc current steps were adjusted for individual cells to obtain 12 spikes in 500

ms. This firing rate was chosen based on input-output relations observed for cells recorded –

12 APs could be reliably achieved in all WT and KO neurons by applying 200 – 450 pA

current. spike trains were repeatedly generated for 10 to 20 times with 14.5 s between trials

for each cell. Noise stimuli were generated in Matlab (Mathworks) according to methods

used by Mainen et al., which consisted of a Gaussian white noise with mean (μs) = 200 pA

and SD (σs) = 100 pA, convolved with the function f(t) = t exp(−t/τs) with time constant τs =

3 ms to simulate synaptic integration (15). The step duration in these experiments was 1 s. In

specified experiments, DL-2-amino-5-phosphopentanoic acid (DL-AP5, 100 μM, Ascent

Scientific) was used to block NMDARs, Ro25-6981 (0.5 μM, Ascent Scientific) to block

specifically NMDAR 2B subunits (NR2Bs), and 2,3,dioxo-6-nitro-1,2,3,4,tetrahydrobenzo-

quinoxaline-7-sulfonamide (NBQX, 10 μM, Ascent Scientific) to block AMPARs.

For spontaneous NMDA activity measurements, internal solution used contained (in mM):

110 CsMeSO4, 10 CsCl, 10 HEPES, 10 Cs4-BAPTA, 5 QX-314•Br, 0.1 spermine, 4 Mg-

ATP, 0.4 Na-ATP, 10 2-Tris-phosphocreatine, 0.05% biocytin, adjusted to pH 7.3 with

KOH to 278 mOsm with double-distilled H2O. Recordings began at least 10 min after initial

whole cell recording to allow dialysis of Cs+ internal solution. Cells were voltage-clamped

at +40 mV in the presence of NBQX (10 μM) and tetrodotoxin (TTX, 1 μM, Ascent

Scientific). GABAa receptors were blocked with SR-95531 (Gabazine, 5μM, Ascent

Scientific). DL-APV (100 μM) washes were 8 – 10 minutes in duration, and 180 s
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recordings before and after (while DL-APV application continued) were used for

spontaneous phasic event analysis.

Data Analysis and Statistics

APs were detected using either Axograph X built-in data analysis package or IGOR Pro

software (Wavemetrics) on a Macintosh computer. AP shape analyses were performed

according to previously established criteria (16). Detailed methods on AP shape, membrane

properties and conductance measurements are included in Supplement 1.

In spike-timing experiments, rastergrams were generated using Igor Pro software. Inter-

spike interval (ISI) was calculated by subtracting the time when the AP peak occurs by that

of the previous AP for each spike train. Instantaneous firing rate was calculated as the

inverse of ISI and plotted against the peak time of the first spike in the pair. ISI histogram

was generated by sorting peak time of spikes from all spike trains, and plotting ISI between

two subsequent spikes. Each spike in a train, or spike alignment across all trials, was

classified as an event. Jitter of an event was quantified as the standard deviation (SD) of

times at which AP peaks occur from all trials at that particular event. Temporal jitter and

jitter histograms represented the average jitter of all cells at the nth event:

where N is the number of cells recorded.

Coefficient of variance (CV) of the nth inter-stimulus-interval (ISI) was quantified by

dividing the standard deviation (SD) of ISIs between two events by their mean across all

trials. Similar methods histograms as described for jitter quantification were used to

construct CV.

To detect phasic spontaneous NMDAR-mediated events, a variable amplitude template was

slid through 180 s chart recordings (17). The parameters of the template, including

amplitude, 10–90% rise time, and decay time, were determined based on an average of real

events as well as previously reported values. The detection threshold is 4 to 9 times of the

noise standard deviation. Events detected were in some cases verified manually. Tonic

current is measured by subtracting the mean current response recorded before and after the

application of DL-APV. Statistics were performed using Excel (Microsoft) and Prism 6

software (Graphpad), and graphs were generated in IGOR Pro software (Wavemetrics).

Statistical significance was determined using either two-tailed Student’s t-Test (indicated on

figures with asterisks) or repeated measures ANOVA. Significance was based on P values <

0.05. Means and standard errors were reported for all results unless otherwise specified.

RNA-seq Analysis

Methods are included in Supplement 1.
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Results

Increased spike rate and decreased spike timing precision in Dcdc2 KOs

Neuronal spike rates and temporal patterns together encode stimulus features and stimulus

change (18–21). We therefore assessed both spike rate and spike time precision in

neocortical pyramidal neurons in WT and Dcdc2 KOs. The rates of APs generated by a

range of supra-threshold current steps were significantly increased in KO neurons compared

to WT neurons [repeated measures ANOVA (between variables: genotype; within variables:

current step), main effect of genotype: F (1, 36) = 9.34, P < 0.005; WT, n = 16; KO, n = 22]

(Figure 1A and B). In addition, KO neurons had more depolarized RMPs [t (44) = 3.61, p <

0.001], and elevated input resistances relative to WT [t (44) = 2.34, P < 0.05], but were not

significantly different from WT in AP voltage threshold [t (20) = 0.87, NS], amplitude [t

(20) = 0.16, NS] or width [t (20) = 1.08, NS] (Table 1).

In order to assess whether spike temporal precision was altered in Dcdc2 KO neurons, we

repeatedly presented supra-threshold depolarizing current steps to neurons with pre-stimulus

RMPs adjusted to −75 mV. Spike rastergrams from 10 to 20 repeated stimulus trials were

then used to calculate the temporal jitter in the timing of each AP. As an additional related

measure of temporal precision, CV for each ISI was also calculated (19). Dcdc2 KOs (n=10)

showed far less AP temporal precision than WT (n = 10) neurons (Figure 1C–F, right).

Temporal jitter was significantly elevated in KOs [repeated measures ANOVA (between

variables: genotype; within variables: event), genotype x event interaction: F (11, 198) =

8.38, p < 0.0001, Figure 1G; main effect of genotype: F (1,18) = 12.14, P < 0.005, Figure

1H]. Similarly, CVs of ISIs were significantly elevated in KO relative to WT throughout the

duration of stimulation [repeated measures ANOVA (between variables: genotype; within

variables: event) followed by Holm-Sidak’s test, difference significant between genotypes

for each of the 11 ISI events, Figure 1I; main effects of genotype: F (1,18) = 22.76, P <

0.001, Figure 1J]. The results indicate that KO neurons exhibit increased spike rates and

decreased spike-time temporal precision.

Increased spike rate is due to elevated RMP while decreased temporal precision is not

Our comparison identified three changes in electrophysiological parameters in KO relative

to WT neurons: elevated membrane potential, increased spike rate, and decreased temporal

precision. In order to determine whether the elevation in RMP was responsible for elevated

spike rate, we performed an additional set of current clamp recordings in KO neurons (n=14)

in which the membrane potential of each KO neuron was set to the average RMP of WT

neurons, −75 mV, by injection of a hyperpolarizing rheobase. When repolarized to −75 mV,

the firing rates of KO neurons were no longer significantly different from WT neurons

[repeated measures ANOVA (between variables: genotype; within variables: current step),

main effect of genotype: F (1,28) = 0.029, NS] (Figure 1B). In contrast to the effect on spike

rate, adjustment of RMPs in KO neurons to WT levels did not reduce the average CV of

spike timing nor did it reduce temporal jitter in KOs to WT levels (Figure 2). Consistent

with this dissociation, the average temporal jitter [repeated measures ANOVA (between

variables: genotype; within variables: current step), main effect of genotype: F (1,16) =

16.14, P < 0.001; followed by Holm-Sidak’s test, difference significant between genotypes
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for every current step] and CV collapsed from all ISIs in KOs were consistently higher

relative to WT at every spike rate tested [repeated measures ANOVA (between variables:

genotype; within variables: current step), main effect of genotype: F (1,16) = 9.62, P < 0.01;

followed by Holm-Sidak’s test, difference significant between genotypes for every current

step] (WT, n = 9; KO, n = 9, Figure 2A,B). Furthermore, RMP did not significantly correlate

with average temporal jitter in either WT or KO neurons [linear regression of WT at 300

pA: R2 = 0.00085; WT at 500 pA: R2 = 0.015; KO at 300 pA: R2 = 0.29; KO at 500 pA: R2

= 0.014] (WT, n = 9; KO, n = 9; Figure 2C,D). These results together indicate that changes

in spike rate and membrane depolarization observed in the KO were not responsible for

changes in AP temporal precision in KO neurons.

Grin2B expression is elevated in Dcdc2 KOs and blocking Grin2B receptors restores spike
time precision

In an effort to identify changes in ion channels or receptors that may be responsible for the

underlying electrophysiological changes that could degrade spike-time precision in Dcdc2

KOs, we performed a whole-transcriptome RNA-seq comparison of WT and KO neocortex

at P21 (Figure 3A). A total of 155 transcripts were found to be up-regulated by 2-fold or

more (Supplement: Table S2), and 113 transcripts were found to be down-regulated by 2-

fold or more in KO relative to WT neocortex (Supplement: Table S3). We searched the lists

for ion channels that could be implicated in spike-time precision (i.e. voltage gated

potassium channels or neurotransmitter receptors) and found that the most up-regulated

transcript that encoded an ion channel or receptor was Grin2B, the 2B subunit of NMDAR

(Figure 3A; Supplement: Table S2). We confirmed that Grin2B was up-regulated in a

follow-up qRT-PCR experiment (n=6, Figure 3B). The possibility that elevated NMDAR-

mediated currents could be involved in degrading temporal precision was shown previously

in dynamic clamp experiments in which injected NMDAR-like conductances decreased

temporal precision in neocortical pyramidal neurons (22). To test whether elevated Grin2B

contributed to spike timing changes, we examined the effect of bath applying the NR2B-

specific blocker Ro 25-6981 (0.5 μM) to KO neurons (n = 7). We found that Ro 25-6981,

similar to the pan NMDAR blocker DL-APV (see below), significantly increased measures

of temporal precision in KO neurons [repeated measures ANOVA (matching: event and

treatment), main effect of treatment: F (1,6) = 9.40, P < 0.01], and resulted in CVs of ISIs in

KO neurons that did not significantly differ from WT neurons [repeated measures ANOVA

(between variables: genotype; within variables: event), main effect of genotype: F (1,15) =

4.06, NS] (Figure 3C,D).

Tonic and phasic NMDAR activity is elevated in Dcdc2 KOs

We next tested for increases in NMDAR activity by directly measuring spontaneous

NMDAR activity in voltage clamp. There are two types of spontaneous NMDAR currents in

cortical neurons, a phasic current that reflects the discrete synaptic release of glutamate, and

a tonic current that reflects activation of NMDARs by ambient glutamate (23–24). To

determine whether these spontaneous NMDAR conductances were elevated in Dcdc2 KO

neurons, we isolated spontaneous NMDAR-mediated currents pharmacologically (SR-95531

and NBQX) and relieved voltage-dependent magnesium block by holding the membrane

potential at +40 mV in physiological extracellular magnesium concentrations. We found a
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significant increase in the frequency [1.46 ± 0.24 Hz in KO vs. 0.65 ± 0.12 in WT; t (22) =

2.46, P < 0.05] (Figure 4A–C), but not amplitude [10.69 ± 0.86 pA in KO vs. 8.76 ± 0.75

pA in WT; t (22) = 1.54, NS, Figure 4D], rise time [4.19 ± 0.15 ms in KO vs. 4.16 ± 0.29 in

WT; t (22) = 0.13, NS, Figure 4E] or decay time [38.79 ± 1.18 ms in KO vs. 39.45 ± 1.09 in

WT; t (22) = 0.38, NS, Figure 4F] of phasic NMDAR-mediated currents in KOs relative to

WT (WT, n = 9; KO, n = 15). The tonic NMDAR current, measured by the change in

steady-state current amplitude after APV application, was also increased in KOs relative to

WT neurons (47.2 ± 6.2 pA in KO, n =8; 23.3 ± 4.1 in WT, n = 8; t (14) = 3.23, P < 0.01.

Figure 4G,H).

Blockade of NMDARs but not AMPARs Restores Spike-time Precision

We next tested whether the effect on AP temporal precision in KOs was specific to blockade

of the NMDA class of glutamate receptors. We compared the effects of the pan-NMDAR

antagonist APV with effects of the non-NMDA glutamate receptor antagonist NBQX in

both KO and WT neurons. In Dcdc2 KO neurons blocking NMDARs with DL-APV (100

μM) was, similar to the effects of the NR2B specific antagonist, effective at reducing CVs

[repeated measures ANOVA (matching: event and treatment), main effect of treatment: F

(1,9) = 40.26, P < 0.005] and returning AP timing precision to WT levels [repeated

measures ANOVA (between variables: genotype; within variables: event), main effect of

genotype: F (1,18) = 0.67, NS] (n = 10, Figure 5A,H,C). In contrast, blockade of the non-

NMDA glutamate receptors (AMPARs) by NBQX (10 μM) had no significant effect on the

temporal precision of AP timing in Dcdc2 KOs [repeated measures ANOVA (matching:

event and treatment), main effects of treatment: F (1,9) = 0.16, NS] (n = 10, Figure 5B,D).

Thus, the rescue of AP temporal precision in KOs is specific to the NMDA class of

glutamate receptors.

Blockade of NMDARs restores spike-time precision in response to stationary noise

Neurons in vivo typically receive stimulation from relatively noisy barrages of synaptic

currents. We therefore assessed whether the temporal precision changes in KO were

apparent to noisy stimuli typical of in vivo synaptic inputs. The stimulus applied was a

filtered Gaussian distribution designed previously to approximate the rapid fluctuation of

membrane potentials resulting from the integration of many synaptic events (15; 25). Similar

to previous reports, fluctuating noise stimuli elicited spike timing with higher temporal

precision than did square wave current stimulation (Figure 6A). Even with these noisy

stimuli that produce more temporally precise patterns of APs, KO neurons showed

significantly less precise spike timing than WT neurons (Figure 6B). Moreover, similar to

the changed response to square wave stimuli, APV significantly reduced both measures of

temporal precision, jitter [repeated measures ANOVA (between variables: genotype; within

variables: treatment), genotype x treatment interaction: F (1,14) = 9.40, P < 0.01; followed

by Sidak’s test, difference significant between genotypes pre APV, no significance in APV]

and CV [repeated measures ANOVA (between variables: genotype; within variables:

treatment), genotype x treatment interaction: F (1,14) = 13.34, P < 0.005; followed by

Sidak’s test, difference significant between genotypes pre APV, no significance in APV] in

KO neurons to WT levels (Figure 6C–F).
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Discussion

Several electrophysiological properties influence the temporal precision of APs in central

neurons, including nonlinearity of membrane conductances at threshold (26–28) and

synaptic noise (29–30). Spontaneous synaptic noise can either enhance or reduce the

temporal precision of spike trains depending on their features [review see (31)]. In cortical

RS neurons specifically, the type of background synaptic conductance added can affect the

gain and variability in the timing of APs elicited by depolarizing inputs (22,30,32–33). We

show that in Dcdc2 KO mice, cortical RS neurons have higher trial-to-trial spike-time

variability, elevated NMDA conductances and spike timing can be returned to WT levels by

blocking NMDARs. Our results show that change in endogenous NMDAR activity, which

can occur in many physiological (34–36) and pathological states (37–38), can result in

altered spike-time temporal precision.

In addition to impaired spike-time precision, our findings show that deletion of Dcdc2

results in heightened excitability associated with depolarized RMP. In recent years, changes

in intrinsic excitability of neurons as a type of non-synaptic plasticity have been shown to

link to learning, and can be both synaptically driven or independent of synaptic stimulation

[review see (39)]. Heightened cell excitability is often associated with more extreme

pathology (39–41), but smaller changes in excitability could be related to degradation in

sensory processing. For example, In utero RNAi of Kiaa0319 in rat neocortex has been

recently shown to cause elevated excitability of neocortical pyramidal neurons (14). This

elevation in excitability caused by Kiaa0319 RNAi is also associated with less precise neural

encoding of auditory stimuli (14). Regulation of neuronal excitability may be a common

function of Dcdc2 and Kiaa0319.

Although dyslexia is primarily a language-specific learning disorder, there is evidence that

the underlying neurological changes may be dissociable from language, and associated with

more generalized changes in temporal and high-level sensory processing (42–44). Several

cognitive changes that do not directly involve reading have been linked to dyslexia,

including changes in event-related potentials (45) and fMRI responses to non-word stimuli

(46), as well as alterations in general sensory stimulus sampling (42, 47–48). It has been

theorized that the general temporal processing deficits are associated with abnormal cortical

firing (49–50), and precise spike timing may contribute to high speed population coding and

synchronization (51) as well as enhance discrimination of stimuli (52). Our study indicates

the possible link between a dyslexia-associated gene, Dcdc2, and a cellular physiological

dysfunction in spike-time precision that could be the basis for changes in temporal

processing on a system level.

Dcdc2 is one of the 11-member doublecortin (DCX) gene family, whose molecular

functions are mostly inferred from the DCX domain and its ability to bind microtubules

(53). Although Dcdc2 biochemically interacts with tubulin and JIP 1/2 (54), its molecular

role remains elusive. Members of DCX families have been shown to be involved in neuronal

migration, intracellular transport, and cell signaling through protein-protein interaction (55).

Given the specific increase in NMDAR-mediated activity and Grin2B expression in Dcdc2

KO mice, it is possible that Dcdc2 is involved in homeostatic Grin2B transcript up-
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regulation. The mRNA up-regulation of Grin2B in KOs also suggests the possibility that

Dcdc2 acts as a co-repressor or RNA binding protein that destabilizes Grin2B, regulating

Grin2B transcript levels directly. In fact, some members of the DCX-family can localize to

the nucleus and Dcdc2 itself has a domain consistent with possible nuclear localization.

Future studies will test these hypotheses by investigating interactions between Dcdc2 and

known proteins involved in the transport of NR2B protein or Grin2B transcript, cellular

localization of Dcdc2, and potential link between Dcdc2 and regulatory regions on Grin2B.

Our study demonstrates that a genetic manipulation of a dyslexia-associated gene leads to

increases in NMDAR activity. Several possibilities may account for this elevated activity: 1)

an increased number of postsynaptic NMDARs; 2) an increased number of synapses; 3)

increased ambient glutamate concentration; 4) an increased number of presynaptic

NMDARs [comprised of mostly NR1/NR2B in the cortex after early postnatal stages (56–

58)], which leads to higher transmitter release probability from the presynaptic terminals.

Elevated Grin2B mRNA expression level and potential functional changes associated with

this increase (such as altered NMDAR subunit composition, change in receptor distribution,

or change in developmental switch) does not directly provide evidence for favoring one of

the above listed possibilities. Therefore, considering the dynamic regulation of NMDARs

and its subunits, further work needs to be done to identify the specific cause of increased

NMDAR activity, particularly in relation to elevated Grin2B expression level.

It is interesting to note that short-term memory for words in individuals with RD has been

found to link to variants in GRIN2B (59). NMDAR activation is well known for its positive

role in synaptic plasticity and learning. Intriguingly, increased NMDAR activity would be

predicted to enhance plasticity at synapses by Hebbian mechanisms, but at the same time

decreased spike-timing precision would tend to decrease Hebbian plasticity in a network.

This balance may be a homeostatic change to counter spurious spike-timing dependent

plasticity in networks that could result from elevated NMDAR activity. Alternatively, a

network with greater synaptic plasticity but with increased spike-time variability may be

more dynamic in terms of new patterns that can be stored.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Dcdc2 KO neurons have increased spike rates and spike-time variability
(A) Action potential trains elicited by 250 (left), 350 (middle), and 450 pA (right) current

steps in a WT (top) and a KO neuron (bottom). (B) Average number of APs generated by

500 ms current steps from 250 pA to 500 pA at 50 pA increments in WT (black), KO (red),

and KO neurons with RMP adjusted to −75 mV with holding current (gray). Repeated

measures ANOVA, between variables: condition (WT, KO, and KO at −75 mV), within

variables: current step (250, 300, 350, 400, 450, 500 pA); main effect of condition: F (2,49)

= 6.30, P < 0.005; followed by Dunnett’s test, difference significant between WT and KO

for all 6 current steps, no significance between WT and KO (−75 mV) for all 6 current steps.

WT: n = 16, KO: n = 22, KO (−75 mV): n = 14. (C) Spike trains were evoked by 500 ms dc

current injection and voltage traces from ten trials were overlaid for a WT (left) and a KO

(right) neuron. Stimulus waveforms are indicated in blue. RMPs for recorded neurons were

adjusted to −75 mV by constant current injection, and 12-spike AP trains for both conditions

was achieved by adjusting the amplitude of current step. Correspondent (D) rastergrams and

(E) histograms of instantaneous firing rate for a representative WT (left) and KO (right)

neuron. Spikes from all ten trials were ordered according to their peak times, and histograms

of ISIs between subsequent peaks were shown in (F). (G) Temporal jitter (the standard

deviation of spike times for each event) for KO (red) and WT (black) neurons. Repeated

measures ANOVA, between variables: genotype (WT and KO); within variables: event (1 to

12th event); genotype x event interaction: F (11, 198) = 8.38, p < 0.0001. (H) the average

jitter, or the main effect of genotype on jitter: F (1,18) = 12.14, P < 0.005. The significant

interaction between genotype and event is likely due to the accumulation of increased jitter
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towards later spikes. Holm-Sidak’s test, no significance between WT and KO jitter: 1st to 6th

event; significant different: 7th to 12th event. (I) The coefficient of variance (CV) of inter-

spike intervals (ISIs) for each event in WT and KO neurons. Repeated measures ANOVA,

between variables: genotype (WT and KO); within variables: event (1st to 11th ISI),

followed by Holm-Sidak’s test, difference significant between genotypes for all 11 ISIs. (J)
the average jitter, or the main effect of genotype: F (1,18) = 22.76, P < 0.0005. Circles in

(H) and (J) indicate collapsed averages from individual neurons. Error bars indicate SEM.

WT: n = 10, KO: n = 10.
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Figure 2. Decreased spike-time precision in Dcdc2 KO neurons is not a result of altered
excitability and RMP
(A) Average jitter for WT (dark grey bars) and KO (red bars) neurons at 250, 300, 350, 400,

450, and 500 pA current injection. Repeated measures ANOVA (between variables:

genotype; within variables: current step), main effects of genotype: F (1,16) = 16.14, P <

0.001; followed by Holm-Sidak’s test, difference significant between genotypes for all 6

current steps. (B) Average CV for WT (black) and KO (red) neurons. Repeated measures

ANOVA (between variables: genotype; within variables: current step), main effects of

genotype: F (1,16) = 9.62, P < 0.01; followed by Holm-Sidak’s test, difference significant

between genotypes for all 6 current steps. Average jitter was not correlated with RMP in (C)
WT or (D) KO neurons at 300 pA and 500 pA current step (linear regression, R2 values of

best fitted lines indicated on graphs). Error bars indicate SEM. WT, n = 9; KO, n = 9.
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Figure 3. Dcdc2 KOs show elevated Grin2B expression and improved spike-time precision by
NMDAR2B-specific antagonist Ro 25-6981
(A) RNA-seq profile of transcribed genes in P22 mouse forebrain. Transcription fold change

(number of normalized reads in KO relative to reads in WT for each gene) was plotted

against normalized WT transcript reads. Grin2B is indicated by red arrow. (B) Expression

levels of Grin2B, Grin2A, Synaptophysin (Syp) and Psd95 determined by qRT-PCR.

Grin2B WT vs. KO: Student’s t-test, P < 0.0005. WT and KO: n = 6. Grin2A, Syp and

Psd95 were not differentially regulated in RNA-seq, and also not significantly different from

WT expression levels by qRT-PCR. (C) Representative spike trains and ISI histograms of a

Dcdc2 KO neuron pre (left) and post (right) washing on Ro 25-6981 (0.5 μM). Spike trains

were evoked by 500 ms dc current input and voltage traces from 15 trials were overlaid.

Twelve-spike AP trains for both conditions was achieved by adjusting the amplitude of

current step. (D) Mean effect of Ro 25-6981 on CV of ISIs of 12-spike trains in KO neurons.

Repeated measures ANOVA, matching: event (1st to 11th ISI) and treatment (pre Ro

25-6981 and in Ro 25-6981), main effect of treatment: F (1,6) = 9.40, P < 0.005. Error bars

indicate SEM. KO, n = 7.
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Figure 4. Dcdc2 KO neurons show more spontaneous NMDAR activity compared to WT
neurons
(A) Representative traces illustrate spontaneous NMDAR-mediated currents recorded at +40

mV in normal recording solution (top) and after washing on DL-APV (100 μM, bottom) for

WT (left) and Dcdc2 KO (right) neurons. (B) Cumulative probability histogram for inter-

event interval of NMDAR-mediated events in normal recording solution for WT and KO

neurons. The histogram is a mean of individual histograms from all cells recorded in both

conditions. Inset, average waveform across the population (WT: black, KO: red) (C)
Comparison of phasic NMDAR-mediated event frequencies in WT versus KO neurons.

Student’s t-Test, t (22) = 2.46, P < 0.05; WT, n = 9; KO, n =15. Bath application of APV

abolished NMDAR-mediated spontaneous events in the same WT or KO neurons. (D) Mean

amplitude [t (22) = 1.54, NS], (E) rise time [t (22) = 0.13, NS], and (F) decay time [t (22) =

0.38, NS] of WT and KO neurons were not significantly different. (G) Representative trace

of the change in NMDAR-mediated tonic current and current variance during the application

of APV at holding potential of +40 mV in a KO neuron. Dotted lines indicate baseline

averages. (H) Comparison of the change in mean tonic current pre and post APV in WT and

KO neurons. Student’s t-test, t (14) #x0003D; 3.23, P < 0.01. WT: n=8, KO: n=8. Circles

indicate measurements from individual neurons. Error bars indicate SEM.
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Figure 5. Blockade of NMDAR but not AMPAR restores spike timing variability in KO neurons
Representative spike trains and ISI histograms of a Dcdc2 KO neuron pre (left) and after

(right) washing on (A) DL-APV (100 μM) and (B) NBQX (1 μM). Spike trains were evoked

by 500 ms dc current input and voltage traces from 15 trials were overlaid. Twelve-spike AP

trains for both conditions was achieved by adjusting the amplitude of current step. (C) Mean

effect of APV on CV of ISIs of 12-spike trains in KO neurons. KO pre vs. in APV: repeated

measures ANOVA, matching: event (1st to 11th ISI) and treatment (pre APV and in APV);

main effect of treatment: F (1,9) = 40.26, P < 0.005. KO in APV vs. WT: repeated measures

ANOVA, between variables: genotype (WT and KO); within variables: event (1st to 11th

ISI); main effects of genotype: F (1,18) = 0.67, NS. WT, n = 10; KO, n = 10. (D) Mean
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effect of NBQX on CV of ISIs a 12-spike train in KO neurons. Repeated measures ANOVA,

matching: event (1st to 11th ISI) and treatment (pre NBQX and in NBQX); main effect of

treatment: F (1,9) = 0.16, NS. WT: n=10, KO: n=10. Error bars indicate SEM.
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Figure 6. Blockade of NMDAR restores spike-time precision of KO spike trains elicited by
fluctuating current
A frozen noise stimulus (shown in blue; Gaussian white noise, μs = 200 pA, σs = 100 pA,

and τs = 3 ms) was applied repeatedly to evoke action potential trains. Overlaid voltage

traces and rastergrams in a representative (A) WT and a (B) KO neuron. Spike trains and

rastergrams of the same (C) WT and (D) KO neurons after washing on DL-APV (100 μM).

(E) Effect of washing on APV on average WT jitter (black) versus KO jitter (red). Circles

connected with lines indicate jitter measurement of the same cell before and after APV.

Repeated measures ANOVA, between variables: genotype (WT and KO), within variables:

treatment (pre APV and in APV); genotype x treatment interaction: F (1,14) = 9.40, P <

0.01; followed by Sidak’s test, difference significant between genotypes pre APV, no

significance in APV (F) Effect of washing on APV on average ISI CV in WT (black) versus
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ISI CV in KO (red). Circles connected with lines indicate CV calculated for the same cell

before and after APV. Repeated measures ANOVA, between variables: genotype, within

variables: treatment, genotype x treatment interaction: F (1,14) = 13.34, P < 0.005; followed

by Sidak’s test, difference significant between genotypes pre APV, no significance in APV.

Bars indicate averages and error bars indicate SEM. WT, n = 8; KO, n = 8.
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Table 1

Electrophysiological properties of WT and Dcdc2 RS neurons

Membrane properties WT cells (n = 21) Dcdc2 KO cells (n = 25)

Vrmp* (mV) −74.50 ± 0.88 −68.94 ± 1.19

Rinput* (MΩ) 91.72 ± 7.74 125.20 ± 11.35

Gslope* (nS) 17.38 ± 0.08 11.13 ± 0.11

Action potential properties WT cells (n = 11) Dcdc2 KO cells (n = 11)

Rise time (ms) 0.23 ± 0.01 0.21 ± 0.01

Width (ms) 0.93 ± 0.06 0.84 ± 0.05

Threshold (mV) −37.65 ± 1.02 −38.69 ± 0.63

Peak (mV) 42.17 ± 2.00 42.61 ± 1.84

Max. rate of rise (mV/ms) 218.00 ± 11.63 228.20 ± 7.63

Data are means ± standard error.

Asterisks indicate properties that are significantly different between WT and KO neurons.
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