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ARTICLE INFO ABSTRACT

Keywords: Galactic cosmic radiation (GCR), composed of highly energetic and fully ionized atomic nuclei, produces diverse
Space radiation deleterious effects on the body. In researching the neurological risks of GCR exposures, including during human
Electrophysiology spaceflight, various ground-based single-ion GCR irradiation paradigms induce differential disruptions of cellular
SH};;;i:Z:;;r;pple activity and overall behavior. However, it remains less clear how irradiation comprising a mix of multiple ions,

more accurately recapitulating the space GCR environment, impacts the central nervous system. We therefore
examined how mixed-ion GCR irradiation (two similar 5-6 beam combinations of protons, helium, oxygen, sil-
icon and iron ions) influenced neuronal connectivity, functional generation of activity within neural circuits and
cognitive behavior in mice. In electrophysiological recordings we find that space-relevant doses of mixed-ion
GCR preferentially alter hippocampal inhibitory neurotransmission and produce related disruptions in the
local field potentials of hippocampal oscillations. Such underlying perturbation in hippocampal network activity

Cognitive dysfunction

correspond with perturbed learning, memory and anxiety behavior.

1. Introduction

Exposures to highly energetic and fully ionized atomic nuclei, such as
galactic cosmic radiation (GCR) emitted from sources beyond our solar
system, have the potential to produce a wide range of deleterious effects
on the human body. Some understood risks of GCR exposure include
increases in carcinogenesis and disrupted central nervous system func-
tion (Cucinotta et al. 2014; Nelson 2016). Although humans are largely
screened from interactions with GCR by the magnetic field of the Earth,
space radiation poses a greater threat as humans look to journey beyond
the Earth to the Moon and Mars (Cucinotta et al. 2001; Cucinotta and
Durante 2006; Zeitlin et al. 2013).

While the exact mechanisms through which GCR produce detri-
mental physiological effects remains an active area of study, at a cellular
level GCR damage can arise from the production of complex, double-
strand DNA breaks (Ward 1994; Asaithamby and Chen 2011) or direct
disruptions of neurites (Al-Jahdari et al. 2009). GCR-induced DNA
damage induces a variety of cellular effects, including decreased cell

survival (Miller et al. 1998; Lee et al. 2005), altered gene expression
(Ding et al. 2005; Shukitt-Hale et al. 2013), increased chromosome ab-
errations (Limoli et al. 2000; George et al. 2007), reduced neurogenesis
(Whoolery et al. 2017) and elevated neuroinflammation (Rola et al.
2005, 2008; Parihar et al. 2018). However, at space-relevant GCR doses,
the degree to which DNA damage impacts long-term nervous system
functions such as cognition remains uncertain. Interestingly, even low
dose exposures to protons and helium nuclei, the lightest and most
abundant components of GCR that elicit relatively lower levels of
complex DNA damage, are still known to produce long-lasting neuro-
logical perturbation. These effects include diminished dendritic
complexity (Parihar et al. 2015a, 2015c¢), disrupted neurotransmission
(Sokolova et al. 2015; Lee et al. 2017; Parihar et al. 2018) and deficits in
behavior (Davis et al. 2015; Parihar et al. 2015a, 2018).

However, the full GCR composition also includes a range of high
atomic number, high energy (HZE) fully ionized nuclei. While less
abundant, the increasingly energetic HZE components of GCR produce
higher multiplicities of ionization through triggering additional particle
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emission along their primary track and generating secondary delta ray
emissions that spread laterally along sparsely ionizing tracks that
significantly increase the cross section of impacted tissue (Cucinotta and
Durante 2006; Autsavapromporn et al. 2013). Like proton and a-particle
radiation, exposure to individual HZE ion species such as oxygen (Rabin
et al. 2011; Carr et al. 2018), silicon (Rabin et al. 2011; Whoolery et al.
2017) and iron (Britten et al. 2012; Cherry et al. 2012; Haley et al. 2013)
all can produce persistent behavioral and cognitive deficits.

Over the course of deep space voyages to the Moon or Mars, astro-
nauts will be chronically exposed to elevated levels of GCR, calculated to
be approximately 1.5 ¢Gy/month (Zeitlin et al. 2013; Cucinotta et al.
2014). The high energies inherent to space radiation confound efforts to
provide adequate shielding, and as a result, certain levels of exposure are
inevitable (Cucinotta and Durante 2006). Typical spacecraft shielding
approximately halves GCR exposures, yet integrating sufficiently sub-
stantial shielding to alleviate GCR risks would prohibitively increase
spacecraft mass (Dobynde and Shprits, 2020; Simonsen et al., 2020;
Slaba et al., 2016). Therefore, in the context of space travel, where as-
tronauts need to maintain keen cognitive and decision-making skills, it is
imperative to clearly understand the potential adverse impact of GCR
exposure on central nervous system functionality. Furthermore, HZE
ion-based radiation therapy is emerging as a potential treatment for
brain, head and neck cancers, although the potential for negative im-
pacts on nearby normal brain tissue require further investigation
(Miyawaki et al. 2009; Durante et al. 2017). Fully studying the conse-
quences of GCR irradiation on the nervous system is required to accu-
rately assess potential risks from exposures and to accurately develop
countermeasures to forestall the onset of neurocognitive decline.

As various single-ion GCR exposure paradigms have been shown to
differentially disrupt cellular activity and overall behavior, it remains
unclear how space-relevant doses of mixed-ion GCR may impact the
central nervous system. We therefore examined how simulated, mixed-
ion GCR exposure (containing combinations of protons, helium, oxygen,
silicon and iron ions) influenced neuronal connectivity, functional
generation of activity within neural circuits and cognitive behavior. We
find that acute exposure to space-relevant doses of mixed-ion GCR
preferentially alter inhibitory neurotransmission within the hippocam-
pus and produce related disruptions in hippocampal oscillations. Such
underlying perturbation in hippocampal network activity corresponds
to a range of deficits in cognitive tasks.

2. Results

The goal of the current study was to determine if space-relevant
doses of mixed-ion GCR induce long-lasting alterations in neurological
function. We used electrophysiological and anatomical approaches to
measure GCR-induced alterations in synaptic signaling among hippo-
campal neurons. We additionally performed in vivo local field potential
(LFP) recordings to assess potential changes in hippocampal oscilla-
tions. Finally, we conducted a battery of behavioral and cognitive
testing in mice to examine changes induced by mixed-ion GCR exposure
(Fig. S1). Collectively, our results demonstrate that space-relevant doses
of mixed-ion GCR produce persistent increases in inhibitory signaling
within the CA1 region of the hippocampus, a slowing in the frequency of

Table 1
Ion compositions of the utilized simulated GCR paradigms.
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hippocampal sharp wave-ripples, and detriments in learning and
memory. All mice were irradiated at the NASA Space Radiation Labo-
ratory (NSRL) at Brookhaven National Laboratory in two batches,
implementing broadly similar 5- or 6-beam mixed-ion GCR exposures
(Table 1). For clarity, the specific GCR irradiation paradigm is identified
for each experiment.

2.1. Mixed-ion GCR enhances inhibitory, but not excitatory, synaptic
signaling with CA1

While future astronauts face a wide range of risks associated with
whole-body GCR exposure, we chose to focus on the impacts of GCR
irradiation on hippocampal function. There is substantial evidence that
the properties of hippocampal neurons are altered by even low doses of
single-ion GCR irradiation (Sokolova et al. 2015; Lee et al. 2017; Carr
et al. 2018; Parihar et al. 2018).

We began by assessing whether exposure to a space-relevant dose of
30 cGy mixed-ion GCR (6-beam) produced any changes in the intrinsic
electrophysiological properties of hippocampal pyramidal neurons
within the CA1 superficial layer (Fig. 1). The resting membrane poten-
tial of GCR-irradiated neurons remained similar to that of control neu-
rons (Mean difference (Mgiff) = 0.97 mV, 95% CI[-1.31, 3.26]; d =
—0.21, 95% CI[—0.31, 0.71]; Mixed linear modeling z-value (MLM 2) =
0.84, P = 0.399; Fig. 1A). CA1 pyramidal neurons from GCR-irradiated
and control mice were also subjected to a range of brief current in-
jections to test for changes in cell-intrinsic properties (Fig. 1B). Mixed-
ion GCR exposure neither altered the input resistance of CA1 pyrami-
dal neurons (Mgjff = 5.6 MQ, 95% CI[—8.8, 16.6]; d = —0.22, 95% CI
[—0.34, 0.78]; MLM z = 0.88, P = 0.381; Fig. 1C), nor the amplitude of
the hyperpolarization sag when neurons were injected with a — 100 pA
current (Mgiff = 0.037 mV, 95% CI[—0.56, 0.51]; d = —0.03, 95% CI
[-0.51, 0.54]; MLM 2z = 0.14, P = 0.890; Fig. 1D). Furthermore, the
excitability of CAl pyramidal neurons was unchanged by 30 cGy of
mixed-ion GCR irradiation, with the same rheobase current evoking
action potentials in irradiated and control neurons (Mg = 0.037 mV,
95% CI[-0.56, 0.51]; d = —0.03, 95% CI[-0.51, 0.54]; MLM z = 0.14,
P =0.890; Fig. 1B,E). Across a range of current injections, neurons from
both groups displayed equivalent action potential firing frequencies (F
(1,549) = 0.009, P = 0.926, two-way ANOVA, Fig. 1F) and exhibited
similar action potential firing thresholds (Mg = 1.89 mV, 95% CI
[—0.30, 4.13];d = 0.43, 95% CI[-0.10, 0.91]; MLM z = 1.06, P = 0.290;
Fig. 1G). Altogether, we find no evidence that mixed-ion GCR irradiation
alters the intrinsic properties of CA1 pyramidal neurons.

While 30 cGy mixed-ion GCR exposure does not change the intrinsic
properties of CAl1 pyramidal neurons, low doses of single-ions are
known to disrupt dendritic spines and reduce markers of excitatory
synapses within the hippocampus (Parihar et al. 2015¢; Carr et al.
2018). Thus, we next examined whether excitatory synapses within CA1
are perturbed by 30 cGy GCR irradiation (5-beam). Excitatory presyn-
aptic terminals in CAl stratum radiatum of male mice were immuno-
histochemically (IHC) labeled for vesicular glutamate transporter 1
(VGlIuT1), combined with Bassoon staining to support localization
within axonal terminals, prior to confocal imaging (Fig. 2A). Examining
areas of colocalization between VGIuT1 and Bassoon, we did not observe

5-beam Mixed-ion GCR

6-beam Mixed-ion GCR

Ton Energy (MeV/n) Relative Dose (%) 30 cGy Dose (cGy) Ton Energy (MeV/n) Relative Dose (%) 5 cGy Dose (cGy) 30 cGy Dose (cGy)
H 1000 30 9.0 H 1000 35 1.75 10.5

160 400 10 3.0 285i 600 1 0.05 0.3

“He 400 20 6.0 “He 250 18 0.9 5.4

28gi 600 10 3.0 160 350 6 0.3 1.8

H 1000 30 9.0 S6Fe 600 1 0.05 0.3

'H

250 39 1.95 11.7
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Fig. 1. Low-dose, mixed-ion, GCR irradiation does not alter the intrinsic electrophysiological properties of CA1 pyramidal neurons. All data are from whole cell
current clamp recordings of CA1 pyramidal neurons from the superficial layer of the dorsal hippocampus, 4 months after exposure to 30 cGy GCR (6-beam). A,
Resting membrane potential (RMP) was unchanged between groups. B, Representative examples of responses to a range of brief current injections in 0 ¢cGy and 30
cGy neurons. There was no alteration in the input resistance (C), sag during a — 100 pA hyperpolarizing current injection (D), or rheobase current required to evoke
an action potential (E) between the treatment groups. F, Action potential (AP) frequency remained equivalent across a range of current injections and the threshold
potential for action potential initiation remained unchanged (G). N = 30 cells/6 animals for both the 0 cGy and 30 cGy grouped data. Gardner-Altman estimation
plots show raw data on the left axis and a bootstrapped sampling distribution on the right axis. A black dot depicts the mean difference between groups and the 95%
confidence interval is indicated by the ends of the vertical black bars. Data are presented as Mean + SEM for F. *P < 0.05 (mixed linear model regression or two-

way ANOVA).

a change in the number of doubly labeled terminals following low-dose,
mixed-ion, GCR irradiation (Mg = 35.8, 95% CI[-11.8, 97.7]; d =
0.46, 95% CI[—0.24, 1.14]; MLM z 0.84, P = 0.401; Fig. 2B).
Furthermore, the normalized intensity of VGIuT1 staining, whether
overall (MLM z = 0.31, P = 0.760; data not shown), or specifically
within colocalized objects was similarly unchanged in irradiated mice
(Mgige = —0.07%, 95% CI[-0.78, 0.77]; d = —0.06, 95% CI[—0.74,
0.73]; MLM z = 0.10, P = 0.920; Fig. 2C). Therefore, the number and
size of excitatory synapses within the CAl stratum radiatum appear to
be largely unchanged by low-dose, mixed-ion, GCR irradiation. How-
ever, more subtle shifts in the association between VGluT1-positive
presynaptic vesicle zone and the Bassoon-positive active zone could
occur in response to alterations in excitatory signaling (Glebov et al.
2016). A wide range of additional protein interactions are required for
normal synaptic signalling, with several elements showing alterations in
other GCR irradiation paradigms, including postsynaptic density protein
95 (PSD-95), drebrin 1, synapsin 1, and synaptophysin (Kiffer et al.,
2018; Parihar et al., 2016). Thus, we next sought to directly measure the
synaptic inputs received by CA1 pyramidal neurons.

To independently assess whether GCR irradiation (6-beam) alters
hippocampal connectivity, we separately performed electrophysiolog-
ical recordings of the spontaneous excitatory and inhibitory post-
synaptic activity received by CAl pyramidal neurons (Fig. 3). We have
previously observed that low-dose, single-ion irradiation is sufficient to
disrupt hippocampal synaptic signaling (Sokolova et al. 2015; Lee et al.

2017). However, CA1 pyramidal neuron spontaneous excitatory post-
synaptic current (SEPSC) frequency following mixed-ion GCR irradia-
tion matches that of control animals (Mg = —0.35 Hz, 95% CI[—1.08,
0.29]; d = —0.35, 95% CI[-1.03, 0.39]; MLM z = 1.11, P = 0.267;
Fig. 3A-B). To test for differences in the sEPSC properties of individual
neurons, all SEPSCs detected within a 200 s recording period from each
cell were averaged together to generate a standard profile (Fig. 3C).
Here too, simulated GCR irradiationdid not alter average sEPSC ampli-
tude (Mgigr = 0.08 pA, 95% CI[—-1.59, 1.90]; d = 0.03, 95% CI[-0.69,
0.80]; MLM 2 = 0.09, P = 0.930; Fig. 3D), charge transfer (Mgiss = —2.34
pC, 95% CI[-17.8, 14.0]; d = —0.10, 95% CI[—0.84, 0.63]; MLM 2z =
0.27, P = 0.786; Fig. 3E) or rise time (Mgif = —0.013 ms, 95% CI[—0.32,
0.24]; d = —0.03, 95% CI[-0.78, 0.76]; MLM z = 0.05, P = 0.962;
Fig. 3F). Matched experiments in mice subjected to the 5-beam
composition of GCR irradiation (Fig. S2 and Table S1-2) similarly
demonstrate a minimal impact of low-dose GCR exposure on both the
intrinsic properties and sEPSC activity of CA1 neurons. Thus, both IHC
labeling and electrophysiological recordings consistently demonstrate
that excitatory synaptic signaling to CAl pyramidal neurons is not
substantially altered by low-dose, mixed-ion, GCR irradiation.

While we do not observe an impact of mixed-ion GCR irradiation on
excitatory synaptic signaling to CA1 pyramidal neurons, we have pre-
viously observed that low-dose proton irradiation selectively upregu-
lates inhibitory signaling by subpopulations of hippocampal
interneurons (Lee et al. 2017). Therefore, we proceeded to evaluate
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Fig. 2. Excitatory presynaptic terminals in CAl are not altered by mixed-ion GCR irradiation. Coronal brain sections containing the dorsal hippocampus were
prepared 3 months after exposure to 30 cGy mixed-ion GCR (5-beam). A, Immunofluorescence colocalization between VGluT1 (magenta) and Bassoon (green)
identified putative excitatory presynaptic terminals within CA1 stratum radiatum of GCR irradiated and control mice. Insets show an enlarged region of each image,
with arrows indicating examples of overlapping VGluT1 and Bassoon. GCR irradiation did not alter the number (B) or intensity (C) of VGuT1 and Bassoon colabeled
presynaptic terminals. N = 4/3 animals, 16/12 sections (0 c¢Gy and 30 cGy, respectively). Gardner-Altman estimation plots show raw data on the left axis and a
bootstrapped sampling distribution on the right axis. A black dot depicts the mean difference between groups and the 95% confidence interval is indicated by the

ends of the vertical black bars.

whether low-dose, mixed-ion, GCR irradiation (6-beam) alters inhibi-
tory postsynaptic signaling received by CA1 pyramidal neurons (Fig. 3G-
L). Following mixed-ion irradiation, the frequency of spontaneous
inhibitory postsynaptic currents (sIPSC) remains similar to that of
control mice (Mgiff = 0.01 Hz, 95% CI[—0.40, 0.44]; d = 0.02, 95% CI
[-0.76, 0.94]; MLM z = 0.06, P = 0.951; Fig. 3H). However, when

comparing sIPSC properties (Fig. 3I), we observe a large effect-size
elevation in the sIPSC amplitude of GCR irradiated mice relative to
control animals (Mgigr = 5.54 pA, 95% CI[1.04, 10.09]; d = 0.95, 95% CI
[0.08, 1.80]; MLM z = 2.01, P = 0.044; Fig. 3J). The increase in sIPSC
amplitude is not accompanied by a change in the charge transfer of
inhibitory currents (Mgiff = 44.9 pC, 95% CI[-2.1, 105.5]; d = 0.63,
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Fig. 3. Mixed-ion GCR irradiation preferentially enhances inhibitory synaptic signaling. All data are from whole cell voltage clamp recordings of CA1 pyramidal
neurons from the superficial layer of the dorsal hippocampus, 4 months after exposure to 30 ¢cGy GCR (6-beam). A, Representative examples of spontaneous
excitatory postsynaptic currents (SEPSCs) recordings from 0 cGy and 30 cGy neurons. B, The frequency of sEPSCs was equivalent between 0 Gy and 30 c¢Gy neurons.
C, Aligned examples of SEPSCs in representative 0 Gy and 30 cGy neurons. Light lines show individual sEPSCs, while the darker line displays the average sEPSC
during a 200 s recording from that neuron. SEPSC amplitude (D), charge transfer (E) and rise time (F) were all similar between groups. G, Representative examples of
spontaneous inhibitory postsynaptic current (sIPSC) recordings from 0 ¢Gy and 30 cGy neurons. While the frequency of sIPSCs was equivalent between 0 Gy and 30
cGy neurons (H), sIPSC amplitude increased after irradiation (—I-J). K, sIPSC charge transfer remained similar between groups. L, sIPSC rise time decreased
following irradiation. N = 3/3 animals, 15/16 cells for sEPSCs and N = 3/3 animals, 13/12 cells for sIPSCs (0 cGy and 30 cGy, respectively). Gardner-Altman
estimation plots show raw data on the left axis and a bootstrapped sampling distribution on the right axis. A black dot depicts the mean difference between
groups and the 95% confidence interval is indicated by the ends of the vertical black bars. *P < 0.05 (mixed linear model regression).

95% CI[-0.19, 1.34]; MLM z = 1.53, P = 0.126; Fig. 3K). We also
observed a large effect-size decrease in the sIPSC rise times of GCR
irradiated animals (Mgj = —0.45 ms, 95% CI[-0.85, —0.10]; d =
—0.92, 95% CI[-1.68, —0.09]; MLM z = 2.23, P = 0.021; Fig. 3L).
Coordinated synaptic signaling among hippocampal neurons un-
derlie a variety of network-level patterns of oscillatory activity (Buzsaki
2002, 2015). Perturbations of either excitatory (Korotkova et al. 2010)
or inhibitory (Ponomarenko et al. 2004; Koniaris et al. 2011) signaling
within the hippocampus is sufficient to alter rhythmic activity and
disrupt animal behavior. Thus, we next examined whether mixed-ion
GCR irradiation produces any alterations in hippocampal oscillations.

2.2. Hippocampal oscillations are altered by mixed-ion GCR exposure

Oscillatory activity within the hippocampus varies as animals shift
among behavioral states, such as between active exploration versus quiet
wakefulness (Vanderwolf 1969). As mice move around an environment,
the membrane potentials of large ensembles of CA1 pyramidal neurons
synchronously oscillate at theta frequencies (4-10 Hz) in response to a
mixture of inputs, including cholinergic and GABAergic inputs from the
medial septum (Green and Arduini 1954; Buzsaki et al. 1983), excitatory
signaling from the entorhinal cortex (Brankack et al. 1993) and inhibi-
tory signaling from local interneurons (Varga et al. 2014). Such syn-
chronous membrane potential oscillations appear as the theta rhythm
during hippocampal LFP recordings. Conversely, mice at rest display
periodic sharp wave-ripples (90-200 Hz), observable in hippocampal
LFP recordings, induced by excitatory inputs from CA3 to CAl pyra-
midal neurons that then recruit recurrent signaling from local inhibitory
interneurons (Soltesz and Deschénes 1993; Ylinen et al. 1995; Buzsaki
2015). Due to our observation that mixed-ion GCR irradiation augments
the amplitude of inhibitory signaling onto CA1 pyramidal neurons, we
next recorded the hippocampal LFP of mice on a spherical treadmill
(Fig. 4). We then analyzed the hippocampal rhythms present in the LFP
recordings while mice exhibited running or resting behavior (Fig. 4A-B).

Mixed-ion GCR irradiation (5-beam) did not alter the amplitude
(root mean square) of running-associated hippocampal oscillations in
the theta frequency range (t = 0.59, P = 0.577, t-test). Likewise, we
observe no alteration in the delta (0.5-4 Hz; t = 2.14, P = 0.076, t-test),
low gamma (20-55 Hz; t = 0.32, P = 0.760, t-test), gamma (20-95 Hz; t
= 0.64, P = 0.546, t-test) or high gamma (85-135 Hz; t = 0.41, P =
0.698, t-test) frequency ranges during running (Fig. 4C). Furthermore,
mixed-ion irradiation neither changes the power (t = 0.10, P = 0.921, t-
test; Fig. 4D), nor the frequency (t = 0.29, P = 0.783, t-test; Fig. 4E) of
rest-associated sharp wave-ripple oscillations. The bilateral co-
occurrence of ripples also remains equivalent following mixed-ion
GCR irradiation to that of control animals (t = 1.38, P = 0.217, t-test;
Fig. 4F). However, we do observe that the average frequency of the
underlying oscillations within ripples becomes slower after low-dose
GCR irradiation than in control mice (t = 4.34, P = 0.005, t-test;
Fig. 4G), which is also observed as an increased likelihood of lower
frequency ripples in a kernel density estimate of all detected events
(Fig. 4H).

Such a decrease in intra-ripple frequency is consistent with an
enhancement of hippocampal GABAergic signaling, as also occurs
following acute pharmacological manipulations (Ponomarenko et al.

2004; Koniaris et al. 2011). Similarly, pharmacological augmentation of
hippocampal GABAergic signaling is sufficient to diminish LTP and
performance in memory tasks (Cheng et al. 2006; Martin et al. 2009).
Therefore, we next examined whether acute exposures to low doses of
mixed-ion GCR is sufficient to induce adverse behavioral deficits.

2.3. Mixed-ion GCR exposure induces cognitive behavioral deficits

As complex animal behavior depends upon properly tuned neuronal
interactions at cellular and network levels, we next investigated whether
the increased amplitude of hippocampal inhibitory signaling and
decreased frequency of memory-associated sharp wave-ripples were
likewise associated with cognitive deficits following mixed-ion GCR
irradiation. Similar to our previous studies that linked single-ion expo-
sures to detrimental behavioral alterations (Parihar et al. 2015a, 2018),
we applied a battery of behavior tests to examine how 5-beam, mixed-
ion, GCR irradiation might impair core cognitive properties that could
present a risk to astronauts during future deep space exploration.

Recognition memory assays, such as the novel object recognition
(NOR) task, rely upon proper signaling among the hippocampus and
medial prefrontal cortex (Finlay et al. 2015; Ko 2017). We did not
observe any difference from control in the total time mice interacted
with objects during the NOR training phase (F(2,33) = 0.18, P = 0.838,
one-way ANOVA; Fig. 5A) resulting from either 5 cGy (Mgifs = 4.4 s, 95%
CI[-10.3, 20.7]; d = 0.22, 95% CI[—0.62, 1.03]) or 30 cGy mixed-ion
GCR irradiation (Mgijff = —0.9 s, 95% CI[—-17.5, 19.3]; d = —0.04,
95% CI[—0.99, 0.79]). Thus, there appear to be no confounding alter-
ations in general locomotion or exploratory behavior. However, GCR
irradiation did alter the ability of mice to differentiate a novel object (F
(2,33) = 8.42, P = 0.0011, one-way ANOVA; Fig. 5B), with 30 cGy
animals displaying a large effect-size decrease in discrimination ability
relative to control mice (Mgisf = —35.9, 95% CI[-51.3, —17.3]; d =
—1.66, 95% CI[-2.92, —0.43], P < 0.001). While not significantly
altered relative to control mice, 5 cGy irradiation did produce a medium
effect-size decrease in novel object discrimination (Mgjff = —13.1, 95%
CI[-28.2, 3.3]; d = —0.64, 95% CI[—1.55, 0.27], P = 0.316), although
this was smaller than that produced by 30 cGy (P = 0.038). Such
diminished NOR performance suggest that normal recognition memory
can be disrupted by exposure to even low doses of mixed-ion GCR ra-
diation. Appropriate object discrimination in such tasks requires proper
connectivity and processing within the hippocampus, medial prefrontal
cortex and perirhinal cortex (Squire et al. 2004; Warburton and Brown
2015), suggesting that the deficits induced by GCR irradiation may
extend to multiple brain regions.

To extend our assessments to other forms of memory, we also eval-
uated whether mixed-ion GCR irradiation (5-beam) perturbs spatial
learning and memory functions using the Morris water maze test
(D’Hooge and De Deyn, 2001). GCR irradiation did not alter the capacity
of mice to learn the location of a submerged platform, relative to control
animals, across 7 days of training sessions (F(2,218) = 0.103, P = 0.902,
two-way ANOVA, Fig. 5C), including when the platform was relocated
to a different quadrant after the 4th day of training. Subsequently, in a
probe trial with the platform removed we observed differences in the
amount of time the different treatment groups spent searching in the
target quadrant that previously held the platform (Fig. 5D). Control mice
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Fig. 4. Memory-associated hippocampal oscillations are disrupted by mixed-ion GCR irradiation. At 2 months after exposure to 30 cGy GCR (5-beam), local field
potential (LFP) was recorded from CA1 stratum pyramidale. Representative examples of the frequency spectra of hippocampal LFP from a control (A) and GCR
irradiated (B) mouse during periods of running or resting (top). Examples of raw and theta-filtered running-associated LFP (bottom left, white arrowhead). Examples
of raw and ripple-filtered rest-associated LFP (bottom right, black arrowhead). C, Mixed-ion GCR irradiation did not alter running-associated rhythms. Neither the
power in the 90-200 Hz ripple band of the resting LFP (D), nor the frequency of ripple occurrence (E) was altered following GCR irradiation. F, The co-occurrence of
bilateral ripples was similar in GCR irradiated and control mice. Mixed-ion GCR irradiation slows the intra-ripple oscillatory frequency within animals (G) and also
appears to increase the likelihood of slower ripples in a kernel density estimate of all detected events (H). N = 4/4 animals (0 cGy and 30 cGy, respectively) for all
plots showing grouped data. Data are presented as Mean + SEM for C-G. **P < 0.01 (t-test).
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Fig. 5. Mixed-ion GCR irradiation disrupts cognition and elicits anxiety-like behavior. Behavioral testing was conducted 6-10 weeks following exposure to 5 or 30
¢Gy GCR (5-beam). While overall exploration was similar during the novel object recognition (NOR) task (A), irradiation disrupted the ability of mice to differentiate
novel objects (B). C, Morris water maze (MWM) testing assessed mouse spatial learning of a platform location, including a platform relocation and probe task (top).
GCR irradiation did not alter acquisition of platform location (bottom). D, During the probe trial of the MWM, 0 cGy (left) and 5 cGy (middle) animals mostly
searched in the target quadrant that previously contained the platform, whereas 30 cGy mice searched equivalently throughout the maze (right). E, GCR irradiation
did not alter depression-like behavior in the forced swim test (FST). Mice exposed to 30 cGy did not spend significantly less time in the open arms during the elevated
plus maze (EPM) task (F), but showed anxiety-like behavior by avoiding long entries into the open arms (G). N = 12/12/12 animals in A-B, E-G, N = 12/12/12
animals in C and N = 12/12/9 in D (0 ¢Gy, 5 cGy and 30 cGy, respectively). Cumming estimation plots show raw data on the top axis including SD shown with
vertical bars and a bootstrapped sampling distribution on the bottom axis. A black dot depicts the mean difference between groups and the 95% confidence interval is
i‘ndicated by the ends of the vertical black bars. Some data are presented as Mean + SEM in C-D. *P < 0.05 and ***P < 0.001 (two-way ANOVA).

displayed a clear quadrant preference during the probe trial (F(3,44) =
11.51, P < 0.001, one-way ANOVA), searching more in the target
quadrant that formerly held the platform than in any of the other
quadrants (Left: P < 0.001; Right: P < 0.001; Opposite: P < 0.001). Mice
that received 5 cGy GCR irradiation still displayed strong quadrant
preference (F(3,44) = 10.87, P < 0.001, one-way ANOVA), dwelling in
the target quadrant more than some (Right: P < 0.001; Opposite: P <
0.001), but not all other quadrants (Left: P < 0.085). However, 30 cGy
mice did not display a quadrant preference in the probe trial (F(3,32) =
2.56, P =0.072, one-way ANOVA). Spatial reference memory deficits as
we observed in the probe trial can arise from hippocampal, striatal, or
insular cortex disruptions (Bermudez-Rattoni et al. 1991; Riedel et al.
1999; Setlow and McGaugh 1999).

Finally, we investigated whether mixed-ion GCR irradiation (5-
beam) altered the internalizing behavior of animals, such as the
persistent increases in anxiety- and depression-like behavior we observe
in mice following exposures to single-ion radiation (Parihar et al. 2016,
2018). During forced swim testing, we did not observe any depression-
like increases in immobility (F(2,33) = 0.35, P = 0.706, one-way
ANOVA; Fig. 5E), whether in mice exposed to 5 cGy (Mgiff = —3.5 s,
95% CI[—26.8, 21.5]; d = —0.11, 95% CI[—0.95, 0.72]) or 30 cGy (Mjss
=-10.6 5, 95% CI[—34.4, 11.6]; d = —0.35, 95% CI[—1.21, 0.50]) GCR
irradiation. In an elevated plus maze test of anxiety-like behavior, there
was no overall impact of GCR irradiation on the time mice spent in the
more exposed open arms (F(2,32) = 2.63, P = 0.088, one-way ANOVA;
Fig. 5F) or the number of open arm entries (F(2,32) = 2.88, P = 0.071,
one-way ANOVA; data not shown), although there was a large-effect size
decrease in the open arm exploration time of 30 ¢Gy animals (Mg =
—7.21%, 95% CI[—10.92, —3.26]; d = —1.44, 95% CI[—2.47, —0.35]).
However, mixed-ion GCR irradiation did alter how long animals
remained in the open arms during individual entries (F(2,32) = 9.38, P
< 0.001, one-way ANOVA; Fig. 5G). There was a large effect-size
decrease in the time per open arm entry of 30 cGy mice (Mgi =
—6.08 s, 95% CI[—8.24, —4.38]; d = —2.53, 95% CI[-3.31, —1.71],P <
0.001), whereas the reduction in 5 c¢Gy animals was not significant
(Mgiff = —3.14 s, 95% CI[-5.77,0.31]; d = —0.79, 95% CI[—1.98, 0.27],
P =0.080). Thus, higher doses of mixed-ion GCR irradiation appeared to
increase the anxiety-like behavior of mice.

3. Discussion

As NASA and other organizations continue to advance plans to return
humans to the Moon and beyond, it is becoming increasingly important
to understand the potential health consequences astronauts will face
from prolonged exposures to ionizing radiation. Past studies have well
established that acute exposures to GCR radiation at the doses astronauts
would experience over the course of a mission to Mars produce persis-
tent neurological deficits (Rabin et al. 2011; Britten et al. 2012; Cherry
et al. 2012; Haley et al. 2013; Lee et al. 2017; Parihar et al. 2018).
However, the vast majority of previous studies have only evaluated the
isolated impact of acute exposures to single ions, rather than a sequen-
tial multi-ion mixture that more closely recapitulates the actual variety
of GCR particle types that astronauts will face (Nelson 2016). Different
GCR ions possess distinct microdosimetric properties that distinguish
and define the type, and relative amounts of cellular damage induced.

Thus, whether such multi-beam exposures might lead to additive, syn-
ergistic or some combination of effects also remains uncertain (Norbury
etal. 2016; Huang et al. 2020). Although the 5- and 6-beam simulations
of GCR exposures that we evaluated do not recapitulate the precise
spectral characteristics that astronauts will experience in space
(Simonsen et al. 2020), our study still provides critically needed insight
into how exposure to a diverse field of energetic particles alters nervous
system function across a range of functional levels.

While our 5- and 6-beam, mixed-ion, simulations of GCR exposures
were substantially similar, we acknowledge that the specific importance
of minor differences in GCR composition on how the nervous system
becomes disrupted remains unresolved. The electrophysiological mea-
surements we replicated in mice from both mixed-ion paradigms dis-
played generally consistent results, indicating that 5- and 6-beam GCR
irradiation similarly impacted pyramidal neuron intrinsic properties and
excitatory synaptic inputs. The one difference we do observe is that only
5-beam GCR irradiation reduced neuronal action potential firing fre-
quencies. Few previous studies have directly examined changes in hip-
pocampal neuronal excitability following GCR irradiation, with 50 cGy
proton (Sokolova et al., 2015) and 18 cGy chronic neutron irradiation
(Acharya et al., 2019) decreasing pyramidal neuronal excitability, while
50 cGy proton irradiation had no impact on interneuron intrinsic
properties (Lee et al., 2017). Understanding the particular contributions
of individual irradiation parameters to disrupting neuronal properties
will require further investigation. Nevertheless, due to their many sim-
ilarities, we jointly consider the mechanisms and consequences of
mixed-ion exposures to 5- and 6-beam GCR irradiation throughout the
remainder of our discussion. Regardless of any small differences be-
tween our 5- and 6-beam GCR paradigms, our investigation is the first to
provide important insights into how nervous system function at a
neuronal, network and behavioral scale is altered by GCR irradiation
involving complex mixtures of several distinct ions.

Given the morphological changes such as decreases in dendritic
complexity and spine density that occur following models of single-
(Parihar et al. 2015¢, 2016; Carr et al. 2018) or dual-ion irradiation
(Kiffer et al., 2018, 2020), we had anticipated that mixed-ion GCR
irradiation could alter the intrinsic properties of hippocampal neurons.
One potential reason for the lack of changes in hippocampal neuron
intrinsic electrical properties after mixed-ion irradiation could be the
differential impacts of various constituent ions at the delivered doses.
For example, neuronal input resistance is reduced by exposure to 100
cGy of protons (Sokolova et al. 2015), but remains unchanged by 50 cGy
protons (Lee et al. 2017) and increases after 5 cGy “He irradiation
(Parihar et al. 2018). Homeostatic plasticity mechanisms may also
enable neurons to produce compensatory shifts in membrane channel
conductances that are sufficient to stabilize other intrinsic properties in
response to low-dose GCR exposures (Sokolova et al. 2015). However,
the extent to which such adaptive responses may mask underlying
neuronal network disruptions and limit the capacity of neurons to
properly respond to additional insults will require further study.

Examining the impact of mixed-ion GCR irradiation on signaling
among neurons indicated differential effects on distinct elements of the
hippocampal network. Our anatomical experiments suggest that mixed-
ion GCR irradiation may slightly increase formation of excitatory syn-
apses within the hippocampus. Such changes could correspond with the
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increased AMPA receptor subunit GluR1 phosphorylation that occurs
after 50 cGy proton irradiation, thus promoting receptor trafficking into
the synapse (Parihar et al. 2015a). NMDA receptor subunit GluN2B
transcription is also upregulated by 10 ¢Gy ‘0 irradiation, although
GluN1 subunits conversely become suppressed (Carr et al. 2018). Shifts
in hippocampal AMPA and NMDA receptor mRNA levels are also altered
in other similar 1-2 beam models of GCR irradiation (Howe et al., 2019;
Kiffer et al., 2018), with computational modeling additionally suggest-
ing that receptor proteins may be particularly susceptible to
radiation-induced damage (Bayarchimeg et al., 2019). However, any
changes in receptor expression within individual synapses may be offset
by the observed reduction in dendritic spines induced by several
single-ion irradiation paradigms (Parihar et al. 2015c, 2016; Allen et al.
2020). Overall hippocampal expression of various proteins involved in
normal synaptic signaling, including PSD-95, drebrin 1, synapsin 1, and
synaptophysin also become shifted following 1-2 beam GCR irradiation
paradigms (Carr et al., 2018; Kiffer et al., 2018; Parihar et al., 2016).
Nevertheless, determining the net impact of such hippocampus-wide
molecular charges on network-level activity is difficult without
knowing the specific cell types that are impacted.

In a more functional measurement performed using paired patch-
clamp recordings of hippocampal neurons, we observed that 50 cGy
proton irradiation increased the extent of connectivity from excitatory
pyramidal neurons onto other neurons, although the strength of excit-
atory signaling between neurons remained unchanged (Lee et al. 2017).
Likewise, in the current study we did not observe any impact of mixed-
ion GCR irradiation on the overall degree of excitatory synaptic inputs
received by CA1 pyramidal neurons. While sEPSC properties were not
altered by mixed-ion GCR irradiation, the increased amplitude of
inhibitory signaling received by pyramidal neurons was consistent with
our prior paired patch-clamp recordings (Lee et al. 2017). In that study,
we observed that 50 cGy proton irradiation preferentially increased
GABA release from a portion of perisomatically targeting interneurons
onto the pyramidal neurons they innervate. The reduction in sIPSC rise
times that we observe following mixed-ion GCR irradiation further
supports a preferential increase in perisomatic inhibitory inputs, since
somatic inhibition produces faster IPSC rise times than dendritic inhi-
bition (Lee et al., 2010; Miles et al., 1996). Thus, our data indicate that
mixed-ion GCR irradiation may produce selective disruptions of
neuronal activity within the hippocampus.

Enhanced inhibitory signaling onto pyramidal neurons would appear
most likely to suppress activity within hippocampal networks. However,
there are also instances where increased hyperpolarization of neurons
through inhibition actually promotes greater rebound spiking and more
synchronized discharges within neuronal circuits (Cobb et al. 1995; Kim
and McCormick 1998; Chen et al. 2001). The decreased oscillatory fre-
quency within sharp wave-ripples after mixed-ion GCR irradiation
potentially results from the elevated inhibitory signaling being received
by CA1 pyramidal neurons. Increasing a-subunit containing GABA4 re-
ceptor activation with low dose diazepam mimics the reduced intra-
ripple frequency we observed, while similarly producing no change in
ripple occurrence or power (Ponomarenko et al. 2004; Koniaris et al.
2011). Intra-ripple frequency slowing may result from elevated GABAp
receptor  activation  strengthening action potential after-
hyperpolarization of basket and bistratified cells within CA1 (Pawelzik
et al. 2003). Thereby, the peak firing rates of interneurons driving the
high-frequency components of sharp wave-ripples would be reduced
(Buzsaki 2015). However, the number of ripples occurring after mixed-
ion GCR irradiation likely remain consistent because the excitatory in-
puts to CA1 from CA3 neurons that trigger sharp wave-ripple onset stay
largely unchanged (Ylinen et al. 1995; Csicsvari et al. 2000). Therefore,
both our single cell and network activity data indicate that hippocampal
GABAergic signaling is perturbed by mixed-ion GCR irradiation.

With mixed-ion GCR irradiation disrupting cellular- and network-
level neuronal activity, we were not surprised to observe that perfor-
mance in multiple aspects of cognitive behavior was likewise
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diminished. While GCR-irradiated mice retained some ability to encode
new memories, as during initial training on the Morris water maze task,
such learning is more dependent upon hippocampal theta rhythms
(McNaughton et al., 2006) that we do not find to be perturbed. Indeed,
hippocampal place cell mapping, a fundamental unit of spatial encod-
ing, can persist when theta oscillations (Brandon et al., 2014) or sharp
wave-ripples are disrupted (Jadhav et al., 2012; Kovdacs et al., 2016).
However, sharp wave-ripples are critically involved in the processes of
memory consolidation and recall (Buzsaki, 2015; Joo and Frank, 2018),
which are perturbed in our behavioral assays. The same a-subunit
containing GABA, receptor agonists that slow the oscillatory frequency
of sharp wave-ripples also decrease memory task performance (Cheng
et al. 2006; Martin et al. 2009). Furthermore, non-pharmacological,
closed-loop interventions that specifically block hippocampal sharp
wave-ripples similarly impair spatial memory consolidation (Girardeau
et al. 2009), whereas prolonging sharp wave-ripples improves memory
recall (Fernandez-Ruiz et al., 2019). While clear links exist between the
disruptions we observed in hippocampal functional properties and poor
performance in memory behavior, mixed-ion GCR irradiation likely also
impacted other brain regions. Recognition and spatial memory functions
are both impaired in our animals, with these behaviors collectively
depending on proper activity of the hippocampus, striatum, medial
prefrontal cortex, perirhinal cortex and insular cortex (Bermu-
dez-Rattoni et al. 1991; Riedel et al. 1999; Setlow and McGaugh 1999;
Squire et al. 2004; Warburton and Brown 2015), suggesting that the
deficits induced by GCR irradiation likely extend broadly throughout the
brain.

Internalizing disorders such as anxiety and depression also arise from
abnormal nervous system activity that can span diverse brain regions
(Pratt 1992; Pawlak et al. 2012; Oakes et al. 2017). Potential shared
interactions exist between the other radiation-induced deficits we
observe in neuronal signaling and the increased anxiety-like behavior of
mice following mixed-ion GCR irradiation. We previously determined
that elevated GABAergic signaling following 50 cGy proton irradiation is
associated with diminished CBi-mediated restriction of tonic GABA
release (Lee et al. 2017). Similar disruptions of cannabinoid signaling
are anxiogenic in mice (Sink et al. 2010; Dono and Currie 2012), sug-
gesting a potential mechanism for the behavioral deficits we observed.
Elevated anxiety may also contribute to the neophobia mice appear to
display by preferentially avoiding novel objects in the NOR task (Vogel-
Ciernia and Wood 2014) and diminished performance in the Morris
water maze probe trial (Chapillon and Debouzie 2000) following 30 cGy
mixed-ion GCR irradiation. While forced swim testing did not indicate
any alterations in depression-like behavior following mixed-ion irradi-
ation, there are limitations to how well that method corresponds to the
human condition of depression (Cryan and Mombereau 2004; Chen et al.
2015). Our ability to detect an increase in depression-like behavior may
also have been occluded by the tendency of animals with heightened
anxiety to display a longer latency to swimming immobility (Estanislau
et al. 2011; Bogdanova et al. 2013). Lower dose 5 cGy mixed-ion GCR
irradiation generally appeared to be less harmful, inducing few behav-
ioral deficits. While escalating radiation doses most often produce
increasingly harmful effects, radiation hormesis can result in hard to
predict interactions between cellular damage and compensatory mech-
anisms (Cortese et al. 2018). Regardless, we see that mixed-ion GCR
irradiation is capable of disrupting neuronal processes in a manner that
increases behavior associated with an internalizing disorder.

The nervous system disruptions we observe following 5- or 6-beam
GCR irradiation are largely consistent with prior single-ion studies
(Rabin et al. 2011; Cherry et al. 2012; Haley et al. 2013; Davis et al.
2015; Parihar et al. 2015b, 2016, 2018; Whoolery et al. 2017; Lee et al.
2017; Carr et al. 2018; Jewell et al. 2018; Allen et al. 2020). More
recently, other groups have begun to assess the combined neurological
impacts of 2-ion (Raber et al. 2015; Kiffer et al. 2018) or 3-ion (Kru-
kowski et al. 2018; Raber et al. 2019) GCR exposures on mice. Proton
irradiation combined with 60 or °Fe induced spatial learning deficits,
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reduced CA1l dendritic complexity (Kiffer et al. 2018) and altered
cytokine expression (Raber et al. 2015). Mixing proton and 160 irradi-
ation with either *He (Krukowski et al. 2018) or 28Si (Raber et al. 2019)
impaired social interactions, disrupted spatial memory and triggered
increased microglia activation. Male animals appear to be more sus-
ceptible to negative neurological consequences of multi-ion irradiation
(Krukowski et al. 2018). However, our study is the first to examine the
nervous system impacts of increasingly realistic GCR exposures con-
taining 4-5 distinct ion species, including with the powerful insights
provided by whole-cell and in vivo electrophysiological recordings. Our
present data also provide the first evidence that multi-ion GCR irradia-
tion produces interrelated neurological disruptions at a neuronal,
network and behavioral scale. While our results suggest that single- and
multi-ion GCR irradiation produce a similar scope of cognitive deficits,
there remains debate concerning how accurately the full GCR spectrum
experienced in space must be recapitulated to sufficiently assess the
hazards that future astronauts will face (Norbury et al. 2016; Simonsen
et al. 2020).

Overall, our study substantially advances understanding of the po-
tential neurological complications from GCR exposures during deep
space travel to Mars through increasingly relevant experimental
modeling. Technical and practical limitations often necessitate that total
dose delivery transpires over the course of minutes, rather than months,
resulting in exaggerated dose-rates compared to actual space exposures.
We recently examined the consequences of prolonged neutron irradia-
tion, delivered at a space-relevant dose and dose-rate, on brain function
(Acharya et al. 2019). As with our mixed-ion GCR exposure, chronic
neutron irradiation altered hippocampal synaptic signaling, interfered
with network level activity and produced persistent behavioral disrup-
tions. Although neutron radiation is limited in space, GCR interactions
with spacecraft materials generate additional albedo neutrons that
represent a sizable component (approximately 10-30%) of the overall
effective radiation field (Nelson, 2016; Norbury and Slaba, 2014; Slaba
et al., 2011). Our neutron data suggest that the negative neurological
consequences of charged particle irradiation may arise even during
chronic, low dose-rate exposures. In the future, newly developed tech-
nologies and approaches will provide improved experimental modeling
of the complex GCR spectra, thus allowing fine-tuned assessment of the
space radiation risks posed to neurological function (Simonsen et al.
2020). Continuing to probe the mechanisms through which GCR irra-
diation disrupts the central nervous system remains critical to accurately
assess potential risks and facilitate development of targeted treatment
strategies.

4. Methods
4.1. Subjects

Male C57BL/6 J mice (JAX) were utilized in these studies and were 6
months old at the time of irradiation. All experiments were approved by
the Institutional Care and Use Committees at the Brookhaven National
Laboratory, Stanford University and the University of California, Irvine.
Procedures involving animals all conform to National Institute of Health
and institutional guidelines. Mice were group housed (2-4 per cage),
provided enrichment (shredded paper or nestlets), received ad libitum
access to food (Stanford: 2018 Teklad; UCI: 2020X Teklad; Envigo) and
water, and were maintained on a 12 h light/dark cycle throughout the
study.

4.2. Irradiation

Mice were exposed to simulated galactic cosmic radiation (GCR) in
the NASA Space Radiation Laboratory (NSRL) at Brookhaven National
Laboratory. Mice received a total radiation dose of either 5 cGy or 30
cGy, containing a GCR-relevant mix of ion species consisting of: protons,
helium, oxygen, silicon and in some cases iron. Mixed-ion GCR was
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delivered in either a 5-beam or 6-beam composition, the specifics of
which are detailed in Table 1. The ionic compositions of the mixed
beams recapitulate many of the most abundant elements in GCR (Nelson
2016) and were delivered at total dose similar to what an astronaut
would experience during a voyage to Mars (Zeitlin et al. 2013). Indi-
vidual mice were loosely restrained within acrylic enclosures (3 x 1.5 x
1.5 in) mounted perpendicular to the beam line for whole body irradi-
ation at a dose-rate of 5 cGy/min. Irradiation was overseen by NSRL
staff, who also performed all radiation dosimetry and confirmed spatial
beam uniformity. The low total GCR doses administered produced no
observed changes in body weight. Further details on the operation of the
NSRL facility have previously been described (La Tessa et al. 2016;
Simonsen et al. 2020). Age-matched control mice underwent all aspects
of the study in parallel to those receiving irradiation, were housed under
similar conditions and handled equivalently, aside from not receiving
GCR irradiation. All animals experienced approximately 20 min of
enclosed restraint. Following transfer from the NSRL, mice arriving at
the University of California, Irvine received no special treatment,
whereas animals at Stanford University received prophylactic antipar-
asitic treatment (fenbendazole, moxidectin and permethrin). Post-
irradiation testing was conducted over the course of several months
(Fig. S1). With the exception of behavioral testing where multiple assays
were conducted in the same mouse, each animal was only used for a
single experiment.

4.3. Slice electrophysiology

At 4 months following either 5-beam or 6-beam GCR irradiation,
mice were deeply anesthetized with isoflurane and rapidly decapitated.
Brains were immediately immersed in ice-cold cutting solution con-
taining (in mM): 85 NaCl, 75 sucrose, 25 glucose, 24 NaHCOs, 4 MgCl,,
2.5 KCl, 1.25 NaHyPO4, 0.5 CaCl,. Coronal slices (300 pm) containing
the hippocampus were prepared using a vibratome (VTS1200, Leica
Biosystems). Brain slices were then incubated in 35 °C cutting solution
for 1 h. Prior to recording, brain slices were transferred to aCSF con-
sisting of (in mM): 126 NaCl, 26 NaHCOs, 10 glucose, 2.5 KCl, 2 MgCl,
2 CaCly, 1.25 NaHPOy4. All solutions were equilibrated with 95% O2/5%
CO..

Intracellular recordings were performed in a submerged chamber
perfused with oxygenated aCSF at 2.5 ml/min and maintained at 33 °C
by a chamber heater (BadController V, Luigs and Neumann). Hippo-
campal neurons were visualized using DIC illumination on an Olympus
BX61WI microscope (Olympus Microscopy) with a CCD camera (C7500,
Hamamatsu). Recording pipettes were pulled from thin-walled borosil-
icate capillary glass (King Precision Glass) using a P97 puller (Sutter
Instruments) and were filled with (in mM): 126 K-gluconate, 10 HEPES,
4 KCl, 4 ATP—Mg, 0.3 GTP-Na, 10 phosphocreatine (pH-adjusted to 7.3
with KOH, osmolarity 290 mOsm). Pipettes had a 3-5 MQ tip resistance.

Whole cell recordings were performed on CAl superficial layer py-
ramidal neurons in the dorsal hippocampus (A/P: —1.5-2.4 mm). Firing
properties were assessed during current injection steps (—200 to 750 pA,
1 s). Recordings were excluded for neurons with a resting membrane
potential above —55 mV or where the series resistance increased by
>20% of baseline. Pipette capacitance was neutralized for all re-
cordings. Input resistance was calculated from the change in steady-state
membrane potential resulting from hyperpolarizing current injections,
while sag was measured as the difference between the steady-state and
peak negative potential during a — 100 pA hyperpolarizing current in-
jection. Action potential threshold was the voltage where the dV/dt prior
to a detected event first exceeded 3 times the standard deviation. Width
was the time an action potential, resampled at 100 kHz, exceeded the
half-height between threshold and peak voltages, and cells with a width
< 0.75 ms were excluded as potential fast-spiking interneurons. Action
potential properties were only measured in the first spike evoked by a
depolarizing current for each neuron. sEPSC activity was measured as
inward currents while neurons were held at —65 mV, whereas sIPSCs
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were outward currents observed in neurons held at 0 mV. Charge
transfer was calculated by integrating the area of postsynaptic currents
and rise time was the time required to increase from 10% to 90% of peak
amplitude. Events with a rise time > 7.5 ms, a peak amplitude of <3 pA
or a charge transfer of <25 pC were excluded. 6-beam GCR intrinsic
property were recorded in brain slices obtained from 6 irradiated male
mice, with excitatory versus inhibitory synaptic signaling each being
recorded from 3 of those mice and with equal numbers of control mice
being utilized. 5-beam recordings were performed from 4 GCR-
irradiated and 2 control animals.

Data were acquired in pClamp software (Molecular Devices) using a
Multiclamp 700B amplifier (Molecular Devices), low-pass filtered at 2
kHz, and digitized at 10 kHz (Digidata 1440A, Molecular Devices). Data
analysis was performed using Clampfit (Molecular Devices) and custom
written Python scripts.

4.4. In vivo electrophysiology

2 months after exposure to 5-beam GCR irradiation, hippocampal
oscillations were measured using previously described in vivo LFP
recording approaches (Varga et al. 2012, 2014). Briefly, one week prior
to LFP recording, mice were implanted with head bars while under deep
isoflurane anesthesia. Following recovery, mice were acclimated to
experimenter handling. On the day of recording, mice were deeply
anesthetized with isoflurane and bilateral craniotomies were stereo-
taxically performed (—2.0 mm AP, +2 mm ML) to allow for access to the
dorsal hippocampus. Mice were then head-fixed on an 8-in spherical
treadmill and allowed to recover from anesthesia for 30 min, providing
time to become fully alert. Two long-tapered borosilicate glass elec-
trodes filled with 0.5 M NaCl were then bilaterally lowered into the CA1
stratum pyramidale, where the position of each was adjusted to obtain
maximal amplitude hippocampal sharp wave-ripples. Data were ac-
quired using a Neurodata IR283 amplifier (Cygnus Technology) and
digitized at 20 kHz using a NIDAQ data acquisition card (National In-
struments), paired with a custom written MATLAB data acquisition
scripts. Recordings lasted approximately 30 min to capture at least 10
min of LFP activity while the mouse was resting (composed of individual
episodes each lasting >200 s) and 1 min while the mouse was running
(episodes each >20 s). LFP recordings were performed in a static visual
field, open to the surrounding experimental setup. Between trials, any
solid debris was vacuumed from the spherical treadmill, which was then
wiped down with ethanol and allowed to fully dry before the next
experiment began.

LFP data was analyzed using custom written MATLAB scripts (Varga
et al. 2012). The power of the LFP signal in the theta (4-10 Hz), low
gamma (20-55 Hz) gamma (20-95 Hz) and high gamma (85-135 Hz)
bands was measured during periods of running. Sharp wave-ripples were
defined as high-frequency oscillatory periods while the animal was
resting. To detect ripples, the LFP signal was filtered between 90 and
200 Hz and periods where the absolute value of the filtered trace
exceeded 5 standard deviations of the overall variability of the trace
were identified. Ripples were considered to extend to contiguous periods
of activity that reached a threshold of 2 standard deviations above noise.
The intra-ripple frequency was the frequency of the oscillations
composing ripples and was calculated independently for each ripple
event.

4.5. Immunohistochemistry

At 3 months after irradiation with 5-beam GCR, mice were deeply
anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg), prior
to being transcardially perfused with PBS, followed by 4% PFA in PBS.
Brains were post-fixed overnight in 4% PFA and then 50 pm thick cor-
onal sections containing CA1 stratum radiatum were obtained using a
vibratome (VTS1000S, Leica Biosystems).

Free-floating sections were washed in PB prior to blocking in TBS
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with 5% normal donkey serum and 0.3% Triton X-100 for 45 min at
room temperature. Sections were then incubated for 2 days at 4 °C in
combined primary antibodies for VGluT1 and Bassoon in TBS (guinea
pig anti-VGIuT1, 1:5000, Synaptic Systems, 135-304; mouse anti-
Bassoon, 1:3000, Abcam, ab82958). Following primary antibody incu-
bation, sections were washed in TBS, incubated in secondary antibodies
(donkey anti-guinea pig Alexa Fluor 594, 1:800, Jackson Immunor-
esearch, 706-585-148; donkey anti-mouse Alexa Fluor 488, 1:800,
Jackson Immunoresearch, 715-545-150) for 4 h at room temperature
and then washed again in TBS. Immunostained sections were postfixed
in 4% PFA for 10 min prior to washing in PB and mounting on coverslips
with Vectashield (Vector Laboratories).

Images were acquired from 3 to 4 fields of 41 pm? (512 x 512 pixels)
within CAl stratum radiatum on 4 tissue sections per animal using a
Nikon A1R microscope with a 60x Plan Apo VC oil immersion objective.
Blinded investigators acquired image z-stacks that underwent unbiased
deconvolution using Huygens software (Scientific Volume Imaging) and
then thresholding in ImageJ. Thresholded objects were further restricted
to areas of 50-3000 voxels for VGluT1 and 4-100 voxels for Bassoon, to
approximate the sizes of synaptic terminals and active zones, respec-
tively. Colocalization was considered to occur when there was at least 4
voxels of overlap between the two channels.

4.6. Behavioral testing

Behavioral testing of 5-beam GCR irradiated mice and control ani-
mals began 6 weeks following irradiation and lasted for 4 weeks. Tests
were performed and scored by investigators blinded to the treatment
groups of the animals.

4.6.1. Episodic and spatial memory testing

Novel object recognition (NOR) spontaneous exploration task per-
formance depends upon normal hippocampal, medial prefrontal cortex
and perirhinal cortex function (Barker et al. 2007; Barker and Warbur-
ton 2011). The NOR task assesses episodic recognition memory by
observing the preference of mice to investigate novel environmental
changes and was conducted as described previously (Parihar et al.
2015a). Briefly, NOR was tested in a dimly lit (48 1x) test arena (30 x 30
x 30 cm) filmed from above. The arena was thoroughly cleaned with
70% ethanol between trials. Prior to the NOR task, mice were initially
habituated to the empty arena across three days (10 min/day). On the
following day, two plastic objects were magnetically affixed 16 cm apart
in the arena and the mouse was allowed five minutes to interact with the
objects. The mouse was returned to the home cage for five minutes while
one familiar object was substituted for a novel object (both objects were
cleansed with 70% ethanol). The mouse was then returned to the arena
for five minutes of further exploration. The objects, varying in area
(30-50 cm?), height (6-9 cm), geometry (e.g. curved or angular) and
color (e.g. blue, pink or yellow), were randomized between subjects to
minimize the impact of objects with inherently elevated preference.
NOR task video was scored for time interacting (nose within 2 cm) with
the familiar versus novel object. The discrimination index was than
calculated for each mouse from these values:

[(novel/total exploration time)—(familiar/total exploration time) | x 100

4.6.2. Anxiety- and depression-like behavior testing

At 8 weeks after irradiation, mice were evaluated for anxiety-like
behavior with the elevated plus maze (EPM) test and depression-like
behavior with the forced swim test (FST), using established methods
(Pellow et al. 1985; Petit-Demouliere et al. 2005; Parihar et al. 2018).
The elevated plus maze consisted of two open arms (10 x 50 cm) con-
nected through a central space to two enclosed arms (10 x 50 x 42 cm).
Heightened anxiety reduces interest in exploring the more exposed open
arms. Mice were initially placed in the center of the EPM, facing towards
a closed arm, and were allowed to freely explore for 5 min while their
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movement was recorded. A mouse was considered to enter a new arm
when all four paws crossed into that space. For the FST task, we eval-
uated depression-like behavior by measuring the responses of mice to
being placed in a glass beaker of water (15 cm diameter x 20 cm, 24 °C)
for five minutes. We quantified the time mice spent floating (despair-like
behavior) versus swimming or climbing.

4.6.3. Morris water maze

A Morris Water Maze (MWM) test was used 9 weeks after GCR
irradiation to measure impacts on spatial memory. The MWM assay was
performed in a circular pool (121.9 cm diameter, 72 cm high) filled with
water (20-22 °C) to a depth of 52 cm to prevent escape, with wall-
mounted visual cues placed nearby surrounding the pool. A platform
(11.43 cm diameter) located 2 cm below the water surface was hidden
by making the water opaque using nontoxic white paint. During the 7
training sessions mice participated in 4 trials per day. Each trial began
with a mouse being placed in a different quadrant of the tank in a
random sequence and then allowed to swim for 60 s or until it found the
submerged platform. Training sessions were conducted on consecutive
days, except for an additional 2 day pause following session 4, after
which the platform was relocated to a different quadrant of the tank.
Mice were allowed to remain on the platform for 10 s in order to rein-
force the platform quadrant location before being returned to their home
cage. Mice unable to locate the platform within 60 s were then assisted
to the platform, where they were allowed to remain for 10 s and were
assigned a maximum time of 60 s. A probe trial was conducted the day
after the 7th training session, where the platform was removed to test
memory retrieval. Mice were allowed to swim for 60 s and the times
spent searching for the missing platform in each quadrant were
analyzed. Performance was tracked by Ethovision XT 8.5 software.

4.7. Statistical analysis

To account for the nested data produced by immunohistochemistry
and whole cell electrophysiology experiments, differences between
treatment groups were evaluated by a mixed linear model regression
analysis (Aarts et al. 2014). For all other assays, differences were
determined using t-tests or ANOVA measures (with Tukey’s HSD post-
hoc testing), as noted. Calculation of estimation statistics-based confi-
dence intervals was performed with the DABEST package in Python (Ho
et al. 2019). Gardner-Altman and Cumming estimation plots include a
5000 resampling, bias-corrected and accelerated bootstrap analysis to
determine the nonparametric confidence interval of differences between
groups. We quantified effect sizes with an unbiased Cohen’s d test.
Estimation statistics were not calculated for behavioral assays spanning
across multiple time points or for in vivo electrophysiology experiments
with limited sample sizes, where data are plotted as mean + SEM. While
estimation statistics measures do not assume normality, normality was
nevertheless inspected for all measures by generating Q-Q plots. All
statistical analysis was performed in Python and P-values of <0.05 were
considered to be statistically significant.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nbd.2021.105252.
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