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Influenza virus infection is one of common infectious diseases occurring worldwide. The human
influenza virus can infect the central nervous system and cause brain dysfunctions affecting cognition
and spatial memory. It has been previously shown that infection with the influenza viral protein
within the hippocampus decreases Ca** influx and reduces excitatory postsynaptic currents. However,
the neuronal properties of animals surviving neonatal infection have not been investigated. Using a
mouse model of neonatal influenza infection, we performed thorough electrophysiological analyses
of hippocampal neurotransmission. We found that animals surviving the infection exhibited reduced
spontaneous transmission with no significant defects in evoked neurotransmission. Interestingly, the
hippocampus of the infected group conducted synaptic transmission with less fidelity upon repeated
stimulations and failed to generate action potentials faithfully upon step current injections primarily
due to reduced Na* influx. The reversal potential for the Na™ current was hyperpolarized and the
activation of Na™ channels was slower in the infected group while the inactivation process was
minimally disturbed. Taken together, our observations suggest that neonatally infected offsprings
exhibit noticeable deficits at rest and severe failures when higher activity is required. This study
provides insight into understanding the cellular mechanisms of influenza infection-associated
functional changes in the brain.

Influenza A virus is known to be capable of infecting the central nervous system in animal models'?
and is reported to cause neurological disturbances* and neuropsychiatric disorders in some occasions®.
Influenza-associated neurological complications such as febrile/non-febrile convulsion, seizure, and
altered consciousness have been reported in numerous clinical cases*!2. In particular, a recent European
case study reported that three out of five children exhibited persistent impaired cognition, decreased
social skills, memory deficits, and executive function after recovery from influenza infection, which
are common symptoms observed in patients with neuropsychiatric disorders’. Studies using animal
models have demonstrated that the human influenza virus (HIN1) and highly pathogenic avian influ-
enza virus (H5N1) can infect extensive brain regions and subsequently cause neuronal cell death’>!3!4,
These changes have been shown to cause neuroinflammation accompanied by glial activation and altered
proinflammatory cytokine expression*!*4, Interestingly, different research groups have reported that
influenza virus infection may have contributed to neurological or neuropsychiatric disorders in exper-
imental animals'>-18. For example, mice pups born to an influenza-infected dam exhibited autism- and
schizophrenia-like behavioral disturbances'. Furthermore, abnormal behaviors in mice pups after
maternal influenza infection have been reported to be accompanied by schizophrenia-like changes in
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Figure 1. Hippocampal neurons exhibit decreased spontaneous neurotransmission after neonatal
influenza infection. (A) Representative recording traces. (B) The frequency of spontaneous excitatory
postsynaptic currents (SEPSCs) was decreased in the hippocampal pyramidal neurons of the mice that
survived the neonatal influenza infection (n=24-31, *p < 0.05), whereas the amplitude of the sEPSCs
remained comparable to the control group (p > 0.3).

serotonin and glutamate receptor expression in the frontal cortex'®. In addition, previous studies have
suggested that influenza virus infection induces abnormalities in synaptic function'®-?!. A series of stud-
ies have demonstrated that maternal influenza infection can alter the expression of myelination-related
genes'®222 some of which have been identified as candidate schizophrenia genes*’. The transduction of
viral nucleoproteins (NP) into primary hippocampal neurons as well as influenza infection have been
shown to decrease spontaneous excitatory activity and reduce Ca*" currents in cultured hippocampal
neurons'**. However, a direct examination of the influenza virus infection on synaptic transmission
has not been investigated. Here, we aimed to examine functional changes in the hippocampus at the
synaptic level upon influenza infection by taking advantage of a mouse model of neonatal HIN1 viral
infection®. We found that the surviving mice exhibited impaired neurotransmission as well as decreased
neuronal excitability which was mainly due to the impaired activation of Na* channels. We therefore
performed a thorough analysis of the kinetics of the Na* currents. We observed that the activation of
the Na* channels was slower and the reversal potential of the Na* currents was hyperpolarized in the
infected group, which could lead to deficits in brain function after neonatal influenza infection. Our
results provide useful insight into the influenza infection-associated functional changes that have been
observed in previous studies.

Results

Neonatal influenza infection causes impairments in the basal activity of hippocampal neu-
rons. To examine whether neonatal viral infection causes alterations in the basal synaptic transmission
of hippocampal CA1 neurons, we measured spontaneous excitatory postsynaptic currents (SEPSCs) from
individual pyramidal neurons using whole-cell patch-clamp recordings in an influenza-infection model
in neonatal mice. We observed a decrease in the frequency of sEPSCs in the infected group compared
with the non-infected control group (Fig. 1, p < 0.05), whereas there was no difference in the amplitude
of sEPSCs between the two groups (p > 0.3). This observation suggests that the basal synaptic efficacy is
slightly but significantly impaired after neonatal influenza virus infection.

Neonatal influenza infection causes impairments in the evoked neurotransmission of the
hippocampus in an activity-dependent manner. In order to investigate any possible defects in
the activity-dependent neurotransmission in the hippocampus of the mice that survived, we measured
evoked EPSCs (eEPSCs) from the hippocampal pyramidal neurons while stimulating the Schaffer col-
lateral pathway with a bipolar stimulator. When two consecutive stimulations were given in a pair with
a very short time interval (50ms), we observed no significant changes in the ratio of the amplitude
of the two eEPSCs evoked by each stimulation between the control and neonatally infected animals
(Fig. 2A, p > 0.8). This observation indicates that there were no significant alterations in the presynaptic
release probability of the neurons after neonatal infection. To examine infection-mediated postsynaptic
changes, we compared the relative amplitudes of AMPAR- and NMDAR-mediated eEPSCs. We found
no significant difference in the ratio of AMPAR- vs. NMDAR-mediated eEPSCs, suggesting no primary
postsynaptic deficits upon neonatal influenza infection (Fig. 2B, p > 0.2). However, when these neurons
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Figure 2. Synaptic transmission is less reliable in infected mice than in uninfected controls upon
repeated stimulations. (A) The paired-pulse ratio of the evoked excitatory postsynaptic currents (eEPSC) by
50-ms interval electrical stimulations exhibited no significant change in the infected group compared with
the uninfected controls (n=13-15, p > 0.8). (B) The ratio of AMPAR-mediated eEPSCs at —60mV and
NMDAR-mediated eEPSCs at +40mV was not altered in the hippocampus of the infected group (n=7-13,
p>0.2). (C) The eEPSCs of the hippocampal neurons from the control and influenza-infected mice in
response to 20 consecutive stimuli (10 Hz) revealed a decreased amplitude of eEPSCs upon successive
simulations in the infected group as compared with the control group (n=5-8, *p < 0.05). The insets show
representative traces (gray: uninfected control group, black: infected group). (D) Representative images and
quantification data of the western blot analyses for GluAl, GluN1, GluN2A, GluN2B, and synaptophysin in
the mouse hippocampus at 21 dpi. The expression of GluA1, GluN2A, GIuN2B, and synaptophysin remained
comparable to controls (n=4, p>0.3-0.8), and a tendency of a slight decrease in GluN1 expression was
observed in the hippocampi of the infected group (n=4, p=0.0571).

were challenged with a series of stimulations, such as 20 successive stimulations at 10 Hz, the infected
group exhibited less synaptic transmission as the number of stimulations increased compared with the
control group (Fig. 2C, p < 0.05).

Next, we examined whether the proteins essential for reliable synaptic transmission exhibit any
changes in their expression after neonatal influenza infection. The expression levels of GluA1, GluN2A,
GluN2B, and synaptophysin in the hippocampus of the infected group were comparable to those in the
control group (Fig. 2D, p > 0.3). GluN1 showed a tendency of a slight decrease in the neonatally infected
group compared with the control group (Fig. 2D, ~95% of controls, p=0.0571); however, we did not
detect any functional changes in the electrophysiological recordings (Fig. 2B).

Neonatal influenza infection decreases hippocampal excitability. Given our observation of
selective deficits in an activity-dependent manner, we further investigated the electrical properties of
hippocampal neurons after neonatal influenza infection. When we quantified the number of action
potentials upon 500-ms depolarizing current-step injections (50-pA increment), we observed reduced
firing of action potentials in the neonatally infected animals (Fig. 3A, p < 0.05). The threshold current
size for initiating action potentials was comparable between the groups (Fig. 3B, p > 0.4) and the resting
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Figure 3. Neonatal influenza infection decreases neuronal excitability of the hippocampus. (A) The
number of action potentials in infected mice significantly decreased in response to the given depolarization
steps (250-ms duration, 50-pA increment, 11 steps). The injection of a strong depolarization current

(>200 pA) evoked less action potentials in the infected group compared with the uninfected control group
(n=15-20, *p < 0.05). (B,C) The threshold to initiate action potentials or the resting membrane potential in
the infected group (Inf. or Infection) remained comparable to the control group (Con. or Control) (p > 0.4,
n=9-13 for the threshold; p > 0.6, n=13-18 for the resting membrane potential).

membrane potential between the two groups of animals was not significantly different (Fig. 3C, p > 0.6).
This observation provides further support for our previous results with consecutive high frequency chal-
lenges, suggesting that the hippocampus of infected animals performs poorly in response to challenges.

Reduced Na™ influx is responsible for the decreased neuronal excitability in the hippocampus
of the neonatally infected group. The combinatory action of the voltage-gated channels determines
the fine-tuning of the neuronal electrical signals as well as neuronal excitability. K™ channels prvide an
inhibitory driving force: therefore, the enhanced conductance or number of K channels would contrib-
ute to decreased neuronal excitability. In the hippocampus, more than 35 different primary K* channel
subunits are expressed®. Therefore, to address any changes in the different types of Kt channels, we
measured the amplitude of the transient peak current as well as the sustained current upon 500-ms
voltage steps (—70 to 20mV, 10-mV increment) in the presence of 200uM CdCl,, 10pM CNQX, 50 uM
AP5,100pM PTX and 1pM TTX. The neonatally infected group exhibited comparable amounts of both
transient and sustained K™ currents to the control group (Fig. 4A, p > 0.4). We then investigated whether
another negative regulator channel, a hyperpolarization-activated cyclic nucleotide-gated (HCN) chan-
nel, may exhibit functional abnormalities after neonatal infection. The hippocampus expresses a sub-
stantial number of HCN channels, which are known to modulate neuronal excitability?’~?°. When we
measured the HCN channel-mediated current (I,) by giving a series of 500-ms hyperpolarization steps
(=70 to —130mV, 10-mV increment), the amplitude of I was not significantly enhanced after neonatal
influenza infection (Fig. 4B, p>0.1).

Neuronal excitability also largely depends on the function of the Na* channels. Thus, we measured
the Na™ currents (Iy,) by giving a series of voltage steps (—90mV to +80mV, 10-mV increment, 500 ms,
activation step protocol) in the presence of 200pM CdCl,, 10pM CNQX, 50uM AP5, 100pM PTX and
50pM ZD7288. We found that the Na* channel-mediated current was remarkably reduced in the neo-
natally infected group in response to larger depolarizations compared with the control group (Fig. 5A,
after —40mV, p < 0.05; after 0mV, p < 0.01). Tetrodotoxin (TTX) completely abolished these currents
when applied at the end of the recordings., The reversal potential for Iy, was also significantly hyper-
polarized by ~8mV in hippocampal neurons of the neonatally infected group (Fig. 5A inset, p < 0.05).
To further investigate the activation kinetics of TTX-sensitive Na* channels, we analyzed the peak time
and maximum rise slope of Iy, obtained during the activation step protocol. The peak time of Iy, was
significantly delayed and the maximum rise slope was smaller in the infected group compared with the
control group (Fig. 5C,D, p < 0.05), suggesting that Na™ channel opening became notably slower after
neonatal infection.

Steady-state inactivation kinetics of the Na* channel is not different after neonatal influenza
infection. One key feature of Na* channels is their fast inactivation, which largely contributes to the
generation of action potentials and neuronal excitability. Slower inactivation of Na* channels would
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Figure 4. K* channel- and HCN channel- mediated currents are not altered upon neonatal influenza
infection. (A) A series of voltage steps (500-ms duration, 10-mV increment from —80 to +20mV) were
given in the presence of a mixture of channel inhibitors (CdCl,, TTX, PTX, CNQX and AP5). The peak

and sustained currents were measured by quantifying the amount of current (shown with arrows). Both the
peak and sustained current through the K* channels were comparable in the infected and control groups
(n=28-30, p> 0.4; scale bar: 1 nA and 100ms). (B) A series of hyperpolarizing voltage steps were given to
measure I}, current through the HCN channel in the presence of the channel inhibitor mixture. There was no
significant difference in the amount of I, current between both groups of animals (n=25-27, p > 0.1; scale
bar: 200 pA and 100 ms).

limit the availability of Na™ channels in firing, and would thus contribute to less faithful action potential
generation in response to a given step-current injection. When we fitted the decay phase of Iy, upon
the depolarization step from —60mV to 0mV shown in Fig. 5A with a single exponential function,
there was no significant difference in the decay time constant between the two groups (inactivation
time constant T, = 1.48 and 1.5, control and neonatally infected group, respectively; Fig. 5B, p > 0.9).
Therefore, we aimed to investigate whether neonatal infection would have had an influence on any phases
of the inactivation of TTX-sensitive Na® channels with a series of experiments. First, to examine the
alterations in voltage-dependent steady-state inactivation, we employed a pre-pulse step protocol that
consisted of 500-ms pre-pulses ranging from —90mV to —10mV with al0-mV increment followed by
a brief depolarizing test pulse to 0mV for 30 ms (Fig. 6A). The steady-state inactivation of Na* channels
determines Na* channel availability at a given potential. Steady-state inactivation was quantified as the
ratio of peak Iy, at a given pre-pulse potential to the maximum I,, and the ratio was plotted against
pre-pulse potentials. The availability plots can be fitted to a single Boltzmann function as described in
Materials and Methods. We found no significant difference in either V| ;4 or the slope factor k between
the two groups, suggesting that there is no major difference in voltage-dependent steady-state inactiva-
tion (Fig. 6A, p> 0.9 and p> 0.1 for k and V4, respectively).

Reactivation process of the Na* channel is minimally disturbed after neonatal influenza infec-
tion. Na' channels undergo rapid inactivation. Thus, slower recovery from this inactivation may
contribute to less faithful action potential firing upon highly challenging stimulations. To examine
this possibility, we employed a double-pulse protocol that consisted of a brief 30-ms depolarizing step
preceded by a 500-ms depolarizing pre-pulse with variable intervals (Fig. 6B). The peak Iy, amplitude
evoked by the second depolarization was normalized by the peak amplitude of Iy, evoked by the first
depolarization. The ratio of the peak Iy, amplitudes or the fraction of recovery was plotted against the
time interval between the two depolarizing steps (Fig. 6B). When the fraction of recovery plots were fitted
to a double-exponential function, we found no significant difference in either the fast or slow time con-
stants between the neonatally infected and control groups (Fig. 6B, p > 0.8 for T, and p > 0.2 for Ty,),
suggesting that the Na' channel reactivation kinetics remain comparable after neonatal influenza
infection.

Inactivation of the Na*t channels at sub-threshold voltages are facilitated in the hippocampus
of neonatally infected animals. As no major alterations in steady-state inactivation or the recovery
from inactivation were observed, we investigated whether influenza infection would have affected Na*
channel inactivation at sub-threshold voltages. We measured the onset of inactivation with a pre-pulse
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Figure 5. Reduced Na* current upon neonatal influenza infection is responsible for decreased neuronal
excitability. (A) The current through the voltage-gated Na* channels was measured by giving a series of
voltage steps (—90mV to +80mV, 10-mV increase each steps) in the presence of CdCl,, ZD7288, PTX,
CNQX and APS5 in the aCSE, and TEA was added to the internal solution. The Na* channel current was
significantly reduced at slightly depolarized potentials (n=13-18, *p < 0.05, scale bar: 5 nA and 5ms),
leading to a rightward shift in the I-V curve. (Inset) The measured reversal potential of Iy, was significantly
hyperpolarized in the hippocampal neurons of the infected group (*p < 0.05). (B) The inactivation kinetics
of the Na* influx remained comparable between the two groups when we compared the decay time
constants (n=13-18, p > 0.9, scale bar: 5ms). (C) The peak time of the Na* channel-mediated currents

at each voltage-step was notably delayed in CAl neurons upon neonatal influenza infection. The inset
represents the peak time between —20 and 30mV (*p < 0.05, ***p < 0.01). (D) The max rise slope of Iy, was
also significantly decreased in the infected group (*p < 0.05, **p < 0.01).

protocol that consisted of a pre-pulse with increasing durations at —50 mV followed by a voltage step to
0mV for 30 ms (Fig. 6C). The peak amplitudes of I, evoked after a pre-pulse with various durations were
normalized to the peak I, that was obtained without a pre-pulse. There was a significant difference in
the inactivation at sub-threshold voltages between the two groups when the interval between pre-pulse
and test pulse was 2 or 4ms (Fig. 6C, p < 0.05). This observation suggests that spontaneous sub-threshold
depolarization may limit the availability of Na* channels in the infected group, thereby causing failures
in faithful action potential firing.

Finally, we examined whether slight but significant alterations in Na* channel kinetics may have
caused changes in a single action potential after neonatal infection. When we compared the physiolog-
ical properties of an action potential generated upon a brief 2-ms current injection, neonatal infection
did not seem to cause any kinetic changes in the action potential such as in the amplitude or half-width
(Table 1, p> 0.5). However, when we analyzed the physiological parameters of the first action potentials
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Figure 6. Na* channel inactivation kinetics of the neonatal influenza infected group remains comparable
to the uninfected control group. (A) The availability was measured by the conductance ratio (G/G,,,,) at

a test step (0mV, 30 ms) after pre-inactivation steps (-90mV to 10mV, 500ms, 10-mV increment). The
availability of the Na* channels remained comparable in both groups. The median voltage of availability
(Vimia) and the slope factor (k) were not altered upon neonatal influenza infection (inset, n=5-9, p> 0.1,
representative traces at —90, -50 and 10mV step; scale bar: 2 nA and 50 ms). Representative fitting functions
are shown in bold lines (Boltzmann function, gray: infected control with V,;;=-54.86 and k= 6.43; black:
neonatal infected group with V, ;3 =-49.76 and k= 6.24). (B) The time course of recovery after inactivation
remained intact in the infected group was (AT : 1 ms~1000ms). When the fraction of the recovery plot was
fitted with a double-exponential function, both time constants (7, and 74,,) were not different between

two groups (n=6-7, p > 0.2; scale bar: 250 pA and 2.5ms). Representative fitting functions are shown in
bold lines (Double-exponential function; gray: uninfected control with 7= 6.08 and T, = 256.44; black:
neonatal infected group with T, =6.36 and Ty, = 350.58) (C) The onset of inactivation was measured with
a pre-pulse of increasing duration at —50 mV. The inactivation started significantly earlier at relatively brief
pre-pulses in the infected group (AT: 2 and 4, *p < 0.05). Beyond 4 ms, the fraction of available Na* channels
in the infected group was not different from the control group (n=6-7, p > 0.06; scale bar: 1 nA and 2.5ms).
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Uninfected control Neonatal infection | p value
Max rise slope (dV/dt) 160.87 £+ 21.35 173.7+18.13 0.662
Max decay slope (dV/dt) —107.25+9.46 —100.71+3.78 0.559
AP half-width (ms) 1.6+0.1 1.6440.08 0.781
AP amplitude (mV) 120.27 +4.86 120.07+2.8 0.531

Table 1. Comparison of the physiological parameters of an action potential during brief depolarization
between uninfected and neonatally-infected hippocampal neurons. The values represents the mean + SEM
(n=6-7). Student’s two tailed t-test: *p < 0.05, ***p < 0.01.

Uninfected control Neonatal infection p value

Macx rise slope (dV/dt) 219.89 £ 34.26 124.23420.32 0.024"
Max decay slope (dV/dt) —102.22+£12.51 —57+9.84 0.011"
AP half-width (ms) 1.00+0.06 1.81+£0.23 0.008™"
AP amplitude (mV) 80.28 £5.36 76.09£6.11 0.626

Number of spikes induced by a 500-

ms step current injection of 300 pA 13.244 1.54 S44tl 0.03

Table 2. Comparison of physiological parameters of an action potential during a 500-ms depolarization
between uninfected and neonatally-infected hippocampal neurons. The values represent the mean + SEM
(n=7-9). Student’s two tailed t-test: *p < 0.05, ***p < 0.01.

generated upon a 500-ms long depolarization, we found that neonatal infection indeed increased the
half-width and decreased both the rise and decay slopes of the action potential (Table 2, p < 0.05). This
observation demonstrates how the altered kinetics of the Na* channels contributes to the kinetic changes
in a single action potential in the infected group.

Discussion

In the current study, we investigated synaptic deficits in an animal model of neonatal influenza A infec-
tion. Infection was induced at a time during which synapse formation and myelination occurs®. We
showed that neonatal influenza infection causes unfaithful action potential firing upon repeated strong
depolarizations and slightly decreases spontaneous transmission. In addition, we found that neonatal
influenza infection mainly impairs the activation kinetics of TTX-sensitive Na* channels but causes no
major alterations in the inactivation kinetics. However neonatal infection may expedite the inactivation
of Na* channels at sub-threshold voltages, thereby further contributing to less faithful action potential
firing in response to a large depolarization.

We observed that neonatal influenza A virus infection caused mild impairments in key components
of the information processing of the hippocampus. First, a slight decrease in the frequency of sEPSCs
in the hippocampus was observed after neonatal infection. This observation is consistent with previous
studies that have reported a selective decrease in sEPSCs frequency in cultured hippocampal neurons
after a brief exposure to influenza ribonucleoprotein (RNP) and NP, Therefore, influenza virus pro-
tein seems to remain in the neonatal hippocampal neurons long after the infection and induces deficits
in the basal synaptic transmission. However, this observation could be due to neuronal death, as neonatal
infection has been shown to decrease cell viability”®. Thus, fewer surviving neurons after neonatal infec-
tion exhibited lower network activity compared with the control group.

We observed that evoked synaptic transmission was less faithful when challenged with repeated stim-
ulations, whereas we found no major deficits in the pre- or postsynaptic components of the hippocampus
in the neonatally infected group. Notably, the ratio of AMPAR- and NMDAR-mediated currents remained
unchanged. NP co-localizes with actin filaments, which bind to AMPARs or NMDARs in the dendritic
spines'®*?. Moreover, hemagglutinin, which is found on the influenza virus surface, was shown to fuse
with the C-terminus of AMPARs®. These previous results suggest that the lingering influenza proteins
may have an impact on the expression of AMPARs and NMDARs. However, the infection-induced regu-
lations of these glutamate receptors may not be the primary mechanism. In our study, we did not observe
any functional changes in these receptor-mediated currents. These observations suggest that although
infected hippocampal neurons may have minimal deficits at rest, they may not perform reliable synap-
tic transmission under highly challenging circumstances, such as successive electrical stimulations. The
imperfect synaptic transmission upon repeated challenges after neonatal infection may possibly be due to
either a slower recovery from the previous round of neurotransmission or a shortage in synaptic players
that have been saved for excessive usage. We further identified that the hippocampal neurons of infected
animals also fire less action potentials upon a large depolarization. Taken together, our observations
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suggest that infected yet surviving mice exhibit mild impairments in mediating basal synaptic transmis-
sion. However, the neonatal infection may have impaired the synaptic efficacy required to accommodate
highly challenging conditions such as successive stimulations at high frequency or large depolarization.

What is the underlying mechanism responsible for the deficits in neurotransmission in the infected
yet surviving animals? We found that their threshold to initiate action potentials or resting membrane
potential remained comparable to the control group, suggesting minimal disturbances in the function of
K* channels. Indeed, we observed no significant difference in K* channel-mediated currents between the
two groups of animals. However, the Na™ influx in the hippocampus of the infected yet surviving ani-
mals was remarkably decreased compared with controls. The decrease in transient Iy, that we observed
(~20%) is comparable to the amount of Na* current reduction that occurs in the aged hippocampus®.
We showed that the reversal potential of the Na* channel was far more hyperpolarized in the neonatally
infected group, thereby decreasing the driving force for Iy,. It is possible that mechanical defects in the
opening and/or closing of the Na™ channels may have caused less firing upon depolarization as well as
set a hyperpolarized reversal potential. Our thorough examination of both the activation and inactiva-
tion kinetics of the Na* channels with various step protocols revealed that neonatal infection caused
slower activation of the Na* channels, which lead to decreased Na' influx upon a large depolarization
with no major defects in the inactivation phases. Although the inactivation phase of the Na* channels
after neonatal infection remained largely comparable to the control group, the sub-threshold inactivation
have been facilitated after neonatal infection. The facilitated sub-threshold inactivation may contribute
to limit the availability of the Na* channels, leading to reduced Na* influx in the neonatally infected
group. Taken together, our observations suggest that the driving force of Iy, would have decreased pos-
sibly due to the changes in Na* concentrations across the membrane. In addition, Iy, per se would
have been reduced primarily due to the impaired activation of Na*t channels, thereby causing failures in
action potential firing upon a large depolarization. A few previous studies have shown that the influenza
virus inhibited the function and decreased the expression level of Na™ channels during the replication
period®**. In addition, M2 influenza virus protein has been shown to interact with the Na™ channel and
activate protein kinase C (PKC) -dependent signaling pathways in epithelial cells®.

Our study is the first to demonstrate alterations in Na™ influx after neonatal influenza infection in
neuronal preparations. Other regulators of neuronal excitability such as K* channels and HCN chan-
nels seem to function within normal ranges. These mice were neonatally infected yet they survived.
A K' channel malfunction, for example, may have caused more severe deficits during early develop-
ment, thereby leading to a possibly lethal condition. The mechanisms underlying the alterations in the
voltage-dependence of Nat conductance after neonatal infection remain to be investigated. Further stud-
ies are also required to elucidate how decreased neuronal excitability may lead to mental disorders such
as autism and schizophrenia'®. Our current study provides physiological insights into understanding
influenza infection-associated functional changes in synapses and perhaps the predisposition to psychi-
atric and mental disorders upon neonatal infection.

Materials and Methods

Animals and virus infection. Five-day-old Balb/c mice with an average body weight of 2.8 g were
infected intraperitoneally with mouse-adapted neurotropic influenza A virus (HIN1, A/NWS/33, ATCC
VR-219) at a dose of LDj, (10** TCIDsy/mL) as described previously”®. Animals were monitored daily
after influenza infection until their use in the study. Mice that survived until 21 days post-infection
(dpi) and age-matched control mice were used in this study. All mice were maintained under a 12:12h
light:dark cycle. Food and water were provided ad libitum until the time of the experiments. Throughout
the protocols, all efforts were made to minimize the number of animals used and their suffering. During
this study, humane endpoints were applied in accordance with Konkuk University’s animal experiment
protocols. The Institutional Animal Care and Use Committee at Konkuk University approved the exper-
imental protocols for the care and use of laboratory animals (KU10051). The animal experimental meth-
ods were carried out in accordance with the approved protocol.

Slice preparation. Male mice (24-30 days old) were used for all the electrophysiology experiments.
Animals were anaesthetized briefly with isoflorane, and after immediate decapitation their brains were
stored and dissected in ice-cold dissection buffer (in mM, 212 sucrose, 3 KCI, 26 NaHCO, 1.25 NaH,PO,,
7 MgCl,, and 10 glucose, gassed with 95% O, and 5% CO,). Coronal slices (350-pm thick) containing
the hippocampus were prepared using a VT 1000S vibratome (Leica, Germany). Brain slices were then
transferred to a recovery chamber containing artificial cerebrospinal fluid ([aCSF], in mM, 118 NaCl,
2.5 KCl, 1 NaH,PO,, 26.2 NaHCO;, 1 MgCl,, and 2 CaCl,, gassed with 95% O, and 5% CO,) at 35°C
for an hour before recording.

Electrophysiology. Experiments were performed on the interleaved wild-type control and infected
animals. Experimenters remained blinded to the experimental group. CA1 pyramidal neurons were volt-
age clamped at —60mV using either Axopatch 200B and Clampex 10.3 (Molecular Devices, USA), or
HEKA EPCS8 and pulse v8.8 (HEKA electronic, Germany), filtered at 5kHz, and sampled at 10kHz
at room temperature. Glass pipettes with a resistance of 2-6 M{2 were used. The internal solution for
the voltage clamp recording contained the following (in mM): 115 Cs methanesulphonate, 20 CsCl,
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10 HEPES, 2.5 MgCl,, 0.6 EGTA, 5 lidocaine N-ethyl bromide, 4 Na,-ATP, 0.4 Na,-GTP, and 10
Na-phosphocreatine. The internal solution for the current clamp recording contained the following (in
mM): 130 K-gluconate, 10 HEPES, 0.6 EGTA, 5 KCl, and 2.5 Mg-ATP.

To record EPSCs (excitatory postsynaptic currents), picrotoxin (PTX, 50 uM in DMSO) was added to
the aCSF to exclude GABAR-mediated synaptic transmission. Evoked EPSCs (eEPSCs) were measured
by a stimulator, placed on the Schaffer collateral pathway. Responses were recorded at holding poten-
tials of —60mV (for AMPAR-mediated responses) and +40mV (for NMDAR-mediated responses).
NMDAR-mediated responses were quantified as the amplitude at 75ms after stimulation to exclude a
possible AMPAR-mediated eEPSC contribution. Spontaneous EPSCs (sEPSCs) were recorded in the
same condition without stimulation. SEPSC events were analyzed manually to avoid false-positive and
false-negative events using Mini Analysis software (Synaptosoft, USA).

The internal solution for measuring K* currents and I, contained the following (in mM): 130
K-gluconate, 10 HEPES, 0.6 EGTA, 5 KCl, and 2.5 Mg-ATP. The internal solution for measuring Na*
currents contained the following (in mM): 20 TEA, 145 CsCl, 10 HEPES, 10 EGTA, 2 NaCl, and 2
Mg-ATP. For most Na™ current recordings, the built-in circuit of the Axopatch 200B amplifier (up to
80% prediction and 70% correction) compensated the series resistance. The liquid junction potential was
measured to +2.4mV and was not corrected during data acquisition.

Data analysis. The decay time constant of Na™ influx was calculated by fitting the I, with a single
exponential function starting at the peak of the amplitude. The availability of the Na* channels after the
pre-voltage steps was calculated as a conductance ratio (G/G,,,,) which was calculated by Ohm’s law:

GNa = INa/(\]cmd_ENa) (1)

where V4 is the command voltage and Ey, is the estimated reversal potential of Na* channels in mV.
The pre-voltage steps were 500 ms long and varied from —90mV to —10mV with a 10-mV increment.
The availability plot was fitted to a single Boltzmann function:

f(x) = 1+ exp{(x=Viia) /K}T 2)

where V, ;4 is the half-inactivation potential and k is the slope factor. The fraction of recovery was cal-
culated by I5/I,c (Iag the second peak amplitude after At; I,.: the first peak amplitude during 500-ms
pre-pulse at 0mV). The fraction of recovery plot was fitted to a double-exponential function:

f(x) = Al {exp(_Tfast/x) }+A2 {exp(_Tslow/x)} (3)

The fraction of availability was measured by I/I ., (I, the largest amplitude during a test pulse)
and plotted against At an the x-axis. The values are given as the mean+ SEM and two-tailed unpaired
t-tests were used for statistical comparisons unless stated otherwise.

Protein extraction and western blot analysis. Four mice per group were anesthetized with intra-
peritoneal injections of zoletil (90 mg/kg) and xylazine (10 mg/kg), and their hippocampi were collected.
The extracted proteins were quantified by the BCA Protein Assay System (Pierce, USA). The proteins
were subjected to SDS-PAGE, followed by electro-transfer to PVDF membranes (Millipore, USA). After
blocking with 5% skim milk in 0.1% Tris-buffered saline (TBS)/Tween-20, the blots were probed with
primary antibodies against GluA1 (1:1000, Abcam), GluN1 (1:1000, Sigma-Aldrich), GIuN2A (1:2000,
Millipore), NR2B (1:500, BD Transduction Laboratories), and synaptophysin (1:4000, Abcam) overnight
at 4°C. After incubation, the membranes were subsequently incubated for 2h at room temperature with
the appropriate secondary antibodies conjugated with horseradish peroxidase (Vector, USA). The pro-
teins were visualized with an enhanced chemiluminescence kit (Pierce, USA) and band intensities were
quantified using the Kodak Gel Logic 2200 imaging system with Molecular Image analysis software
(Kodak, USA). 3-Actin was used as a loading control (1:10000, Sigma-Aldrich). Data are presented as
an average of at least three experiments and analyzed for statistical significance by using Mann-Whitney
tests (Prism; Graph Pad, USA).

References
1. Jang, H. et al. Highly pathogenic H5N1 influenza virus can enter the central nervous system and induce neuroinflammation and
neurodegeneration. Proc Natl Acad Sci USA. 106, 14063-14068 (2009).
2. Kristensson, K. Avian influenza and the brain-comments on the occasion of resurrection of the Spanish flu virus. Brain Res Bull.
68, 406-413 (2006).
3. Ekstrand, J. J. Neurologic complications of influenza. Semin Pediatr Neurol. 19, 96-100 (2012).
4. Baltagi, S. A., Shoykhet, M., Felmet, K., Kochanek, P. M. & Bell, M. ]. Neurological sequelae of 2009 influenza A (HIN1) in
children: a case series observed during a pandemic. Pediatr Crit Care Med. 11, 179-184 (2010).
5. Noriega, L. M. et al. Pandemic influenza A (HIN1) 2009 with neurological manifestations, a case series. Influenza and other
respiratory viruses. 4, 117-120 (2010).
6. Glaser, C. A. et al. A population-based study of neurologic manifestations of severe influenza A (HIN1) pdmo09 in California.
Clinical infectious diseases. 55, 514-520 (2012).

SCIENTIFIC REPORTS | 5:13440 | DOI: 10.1038/srep13440 10



www.nature.com/scientificreports/

7. Surana, P. et al. Neurological complications of pandemic influenza A HIN1 2009 infection: European case series and review.
European journal of pediatrics. 170, 1007-1015 (2011).

8. Alakare, J. et al. Unusual presentation of more common disease/injury: Viral encephalitis associated with pandemic 2009 (HIN1)
influenza A. BM]J case reports. 2010, doi: 10.1136/bcr.02.2010.2772 (2010).

9. Choi, S. Y. et al. Novel swine-origin influenza A (HIN1) viral encephalitis. Yonsei medical journal 51, 291-292 (2010).

10. Fuchigami, T. et al. Acute encephalopathy with pandemic (HIN1) 2009 virus infection. Pediatric emergency care. 28, 998-1002
(2012).

11. Kim, K. ], Park, E. S., Chang, H. J., Suh, M. & Rha, D.-W. Novel Influenza A (HIN1)-Associated Acute Necrotizing Encephalopathy:
A Case Report. Annals of rehabilitation medicine 37, 286-290 (2013).

12. Landau, Y. E., Grisaru-Soen, G., Reif, S. & Fattal-Valevski, A. Pediatric neurologic complications associated with influenza A
HIN1. Pediatric neurology 44, 47-51 (2011).

13. Jurgens, H. A., Amancherla, K. & Johnson, R. W. Influenza infection induces neuroinflammation, alters hippocampal neuron
morphology, and impairs cognition in adult mice. ] Neurosci 32, 3958-3968 (2012).

14. Jang, H. et al. Inflammatory effects of highly pathogenic H5N1 influenza virus infection in the CNS of mice. J Neurosci 32,
1545-1559 (2012).

15. Shi, L., Fatemi, S. H., Sidwell, R. W. & Patterson, P. H. Maternal influenza infection causes marked behavioral and pharmacological
changes in the offspring. J Neurosci 23, 297-302 (2003).

16. Moreno, J. L. et al. Maternal influenza viral infection causes schizophrenia-like alterations of 5-HT(2)A and mGlu(2) receptors
in the adult offspring. J Neurosci 31, 1863-1872 (2011).

17. Short, S. J. et al. Maternal influenza infection during pregnancy impacts postnatal brain development in the rhesus monkey. Biol
Psychiatry 67, 965-973 (2010).

18. Fatemi, S. H. et al. Maternal infection leads to abnormal gene regulation and brain atrophy in mouse offspring: implications for
genesis of neurodevelopmental disorders. Schizophr Res 99, 56-70 (2008).

19. Brask, J., Chauhan, A, Hill, R. H., Ljunggren, H. G. & Kristensson, K. Effects on synaptic activity in cultured hippocampal
neurons by influenza A viral proteins. ] Neurovirol 11, 395-402 (2005).

20. Brask, J., Owe-Larsson, B., Hill, R. H. & Kristensson, K. Changes in calcium currents and GABAergic spontaneous activity in
cultured rat hippocampal neurons after a neurotropic influenza A virus infection. Brain Res Bull 55, 421-429 (2001).

21. Beraki, S., Aronsson, E, Karlsson, H., Ogren, S. & Kristensson, K. Influenza A virus infection causes alterations in expression of
synaptic regulatory genes combined with changes in cognitive and emotional behaviors in mice. Molecular psychiatry 10,
299-308 (2004).

22. Fatemi, S. H. et al. Abnormal expression of myelination genes and alterations in white matter fractional anisotropy following
prenatal viral influenza infection at E16 in mice. Schizophr Res 112, 46-53 (2009).

23. Fatemi, S. H. et al. Prenatal viral infection of mice at E16 causes changes in gene expression in hippocampi of the offspring. Eur
Neuropsychopharmacol 19, 648-653 (2009).

24. Le-Niculescu, H. et al. Towards understanding the schizophrenia code: an expanded convergent functional genomics approach.
American Journal of Medical Genetics Part B: Neuropsychiatric Genetics 144, 129-158 (2007).

25. Yu, J. E. et al. Neonatal influenza infection causes pathological changes in the mouse brain. Veterinary Research 45, 63 (2014).

26. Coetzee, W. A. et al. Molecular diversity of K+ channels. Ann N'Y Acad Sci 868, 233-285 (1999).

27. Huang, Z., Walker, M. C. & Shah, M. M. Loss of dendritic HCN1 subunits enhances cortical excitability and epileptogenesis. |
Neurosci 29, 10979-10988 (2009).

28. Tsay, D., Dudman, J. T. & Siegelbaum, S. A. HCN1 channels constrain synaptically evoked Ca2+ spikes in distal dendrites of
CA1 pyramidal neurons. Neuron 56, 1076-1089 (2007).

29. Maccaferri, G. & McBain, C. J. The hyperpolarization-activated current (Ih) and its contribution to pacemaker activity in rat
CAL1 hippocampal stratum oriens-alveus interneurones. J Physiol 497 (Pt 1), 119-130 (1996).

30. Rice, D. & Barone, Jr. S. Critical periods of vulnerability for the developing nervous system: evidence from humans and animal
models. Environ Health Perspect 108 Suppl 3, 511-533 (2000).

31. Ruberti, E. & Dotti, C. G. Involvement of the proximal C terminus of the AMPA receptor subunit GluR1 in dendritic sorting. J
Neurosci 20, RC78 (2000).

32. Randall, A. D., Booth, C. & Brown, J. T. Age-related changes to Na+ channel gating contribute to modified intrinsic neuronal
excitability. Neurobiol Aging 33, 2715-2720 (2012).

33. Eisenhut, M. Inhibition of epithelial sodium channels and reduction of ciliary function in influenza. Am J Respir Cell Mol Biol
46, 414 (2012).

34. Hoffmann, H. H., Palese, P. & Shaw, M. L. Modulation of influenza virus replication by alteration of sodium ion transport and
protein Kinase C activity. Antiviral Res 80, 124-134 (2008).

35. Lazrak, A. et al. Influenza virus M2 protein inhibits epithelial sodium channels by increasing reactive oxygen species. FASEB J
23, 3829-3842 (2009).

Acknowledgements

N/A. Funding: This work was supported by a grant from the Korean Health Technology R&D Project
from the Ministry of Health & Welfare, Republic of Korea (C.C. HI11C1991, HI14C2136 and HI14C2137)
and by the Basic Science Research Program through the National Research Foundation of Korea (NRF)
funded by the Ministry of Education, Science and Technology (C.C.: NRF-2012R1A1A1043557, S.N.:
2010-0004186). The Global Ph.D Fellowship Program through the NRF funded by the Ministry of
Education provided further support (J.Y.: 2011-0006913).

Author Contributions

C.C. conceived this work and designed the experiments. J.Y. and S.-S.N. provided infected animals and
performed the western blot analyses. H.P. and S.K. performed the electrophysiological experiments and
acquired the data. H.P. and C.C. analyzed and interpreted the data. H.P. and C.C. prepared the figures
and wrote the manuscript. All the authors have approved the final version of the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

SCIENTIFIC REPORTS | 5:13440 | DOI: 10.1038/srep13440 11



www.nature.com/scientificreports/

How to cite this article: Park, H. et al. Decreased Na* influx lowers hippocampal neuronal excitability
in a mouse model of neonatal influenza infection. Sci. Rep. 5, 13440; doi: 10.1038/srep13440 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:13440 | DOI: 10.1038/srep13440 12


http://creativecommons.org/licenses/by/4.0/

	Decreased Na+ influx lowers hippocampal neuronal excitability in a mouse model of neonatal influenza infection

	Results

	Neonatal influenza infection causes impairments in the basal activity of hippocampal neurons. 
	Neonatal influenza infection causes impairments in the evoked neurotransmission of the hippocampus in an activity-dependent ...
	Neonatal influenza infection decreases hippocampal excitability. 
	Reduced Na+ influx is responsible for the decreased neuronal excitability in the hippocampus of the neonatally infected gro ...
	Steady-state inactivation kinetics of the Na+ channel is not different after neonatal influenza infection. 
	Reactivation process of the Na+ channel is minimally disturbed after neonatal influenza infection. 
	Inactivation of the Na+ channels at sub-threshold voltages are facilitated in the hippocampus of neonatally infected animal ...

	Discussion

	Materials and Methods

	Animals and virus infection. 
	Slice preparation. 
	Electrophysiology. 
	Data analysis. 
	Protein extraction and western blot analysis. 

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Hippocampal neurons exhibit decreased spontaneous neurotransmission after neonatal influenza infection.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Synaptic transmission is less reliable in infected mice than in uninfected controls upon repeated stimulations.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Neonatal influenza infection decreases neuronal excitability of the hippocampus.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ K+ channel- and HCN channel- mediated currents are not altered upon neonatal influenza infection.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Reduced Na+ current upon neonatal influenza infection is responsible for decreased neuronal excitability.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Na+ channel inactivation kinetics of the neonatal influenza infected group remains comparable to the uninfected control group.
	﻿Table 1﻿﻿. ﻿  Comparison of the physiological parameters of an action potential during brief depolarization between uninfected and neonatally-infected hippocampal neurons.
	﻿Table 2﻿﻿. ﻿  Comparison of physiological parameters of an action potential during a 500-ms depolarization between uninfected and neonatally-infected hippocampal neurons.



 
    
       
          application/pdf
          
             
                Decreased Na+ influx lowers hippocampal neuronal excitability in a mouse model of neonatal influenza infection
            
         
          
             
                srep ,  (2015). doi:10.1038/srep13440
            
         
          
             
                Hoyong Park
                Ji Eun Yu
                Sungmin Kim
                Sang-Soep Nahm
                ChiHye Chung
            
         
          doi:10.1038/srep13440
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep13440
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep13440
            
         
      
       
          
          
          
             
                doi:10.1038/srep13440
            
         
          
             
                srep ,  (2015). doi:10.1038/srep13440
            
         
          
          
      
       
       
          True
      
   




