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Abstract
Two major pathogenic events that cause acute brain damage during neurologic emergencies of stroke, head trauma, and
cardiac arrest are spreading depolarizing waves and the associated brain edema that course across the cortex injuring brain
cells. Virtually nothing is known about how spreading depolarization (SD)-induced cytotoxic edema evolves at the
ultrastructural level immediately after insult and during recovery. In vivo 2-photon imaging followed by quantitative serial
section electron microscopy was used to assess synaptic circuit integrity in the neocortex of urethane-anesthetized male
and female mice during and after SD evoked by transient bilateral common carotid artery occlusion. SD triggered a rapid
fragmentation of dendritic mitochondria. A large increase in the density of synapses on swollen dendritic shafts implies
that some dendritic spines were overwhelmed by swelling or merely retracted. The overall synaptic density was unchanged.
The postsynaptic dendritic membranes remained attached to axonal boutons, providing a structural basis for the recovery
of synaptic circuits. Upon immediate reperfusion, cytotoxic edema mainly subsides as affirmed by a recovery of dendritic
ultrastructure. Dendritic recuperation from swelling and reversibility of mitochondrial fragmentation suggests that
neurointensive care to improve tissue perfusion should be paralleled by treatments targeting mitochondrial recovery and
minimizing the occurrence of SDs.
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Introduction
Spreading depolarizations (SDs) are waves of sustained neu-
ronal and glial depolarization (Dreier 2011; Hartings et al. 2017)
that propagate a massive disruption of ion gradients across the
brain’s gray matter at a velocity of 2–9 mm/min (Leão 1944;
Woitzik et al. 2013). Electrophysiological data indicate that a
full spectrum from short- to very long-lasting SD waves can be
observed for days to weeks in patients with stroke and brain

trauma (Dreier and Reiffurth 2015; Dreier et al. 2017). These real-
time SD recordings, together with monitoring of cerebral blood
flow (CBF) and cytotoxic edema, provided unequivocal evidence
for the causal role of SDs in the development of acute human
brain injury (Dreier et al. 2017; Hartings et al. 2017).

SDs arise as the pathological side effect created by a fun-
damental biophysical requirement to maintain a nonequilib-
rium steady state of the transmembrane ion distribution that is

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/advance-article-abstract/doi/10.1093/cercor/bhaa134/5850055 by Augusta U

niversity G
reenblatt Library user on 08 June 2020

https://academic.oup.com/


2 Cerebral Cortex, 2020, Vol. 00, No. 00

crucial for neuronal excitability and osmotic balance (Dreier
et al. 2013). SD represents the largest disturbance of the phys-
iological ion gradients in the living brain (Dreier 2011; Hartings
et al. 2017). Following their electrochemical gradients, Na+, Ca2+,
and Cl− ions influx and K+ ions efflux the intracellular space
during SD. Driven by Gibbs-Donnan forces, cells gain more Na+
than they lose K+ because of the high concentration of imper-
meant polyanions in the cytosol (Somjen 2004; Dreier et al. 2013).
The accumulation of excess osmoles in the cytosol produces an
osmotic gradient leading to the influx of water in the intracellu-
lar space, that is, cytotoxic edema (Van Harreveld and Khattab
1967; Van Harreveld and Malhotra 1967; Klatzo 1987; Somjen
2004; Dreier et al. 2018). Indeed, the massive ion translocations
between extracellular and intracellular space during SD develop
in just a few seconds with a time scale of transmembrane ion
dynamics of ∼0.5 s (Hubel and Dahlem 2014) and an accompany-
ing shrinkage of the extracellular space by 50–70% (Hansen and
Olsen 1980; Jing et al. 1994; Perez-Pinzon et al. 1995; Mazel et al.
2002), which reflects the onset of cytotoxic edema. Two-photon
laser scanning microscopy (2PLSM) is widely used to observe
cytotoxic edema as abrupt neuronal (Andrew et al. 2007; Takano
et al. 2007; Murphy et al. 2008; Risher et al. 2010, 2011; Steffensen
et al. 2015), and astroglial (Risher et al. 2009, 2012; Zhou et al.
2010) swellings following the fast influx of water during SD.

During ischemia, cytotoxic edema is triggered by SD (Van
Harreveld 1957; Dreier et al. 2018). Previous studies of global
ischemia (Murphy et al. 2008; Risher et al. 2012) have shown
that ∼2–4 min after ischemia onset, and before any structural
changes to cellular processes, SD occurs, leading to immediate
dendritic beading alongside astroglial swelling. Neuronal cyto-
toxic edema involves swelling of soma and dendritic beading
with the distortion of dendritic spines (Murphy et al. 2008; Risher
et al. 2010). This focal dendritic swelling (beading) allows a
larger volume to be contained within the equivalent surface
area (Budde and Frank 2010). At a given tissue spot, dendritic
beading temporarily coincides with SD taking ∼6 s to reach
the maximum bead size (Risher et al. 2010). Cytotoxic edema
is reversible at first (Fiehler et al. 2004) but is widely accepted
as an important factor in acute, irreversible brain damage that
occurs when cytotoxic edema persists (Kimelberg 1995; Somjen
2004; Mongin 2007). The cellular swelling coincides with SD
and provides the biophysical basis for intensity changes in the
magnetic resonance imaging scans in patients diagnosed with
acute cerebral infarction (Dreier and Reiffurth 2015; Hartings
et al. 2017). Rapid dendritic beading, which is readily detectable
in real-time with 2PLSM, serves as a reliable read-out of the onset
of the neuronal cytotoxic edema in preclinical animal models
of neurological disorders (Risher et al. 2010; Sword et al. 2013;
Steffensen et al. 2015).

SD is a mechanism leading to cytotoxic edema (Dreier et al.
2018), but very little is known about the immediate onset of
SD-induced cytotoxic edema at the ultrastructural level. Like-
wise, virtually nothing is known about the immediate impact
of SD on synaptic circuits at the ultrastructural level and their
recovery when cytotoxic edema subsides. Indeed, the amplitude
of dendritic structural rearrangements arising from SD-induced
cytotoxic edema can only be fully appreciated after examining
affected dendrites at the ultrastructural level. However, quanti-
tative serial section electron microscopy (ssEM) studies of neu-
rons during SD-induced cytotoxic edema and recovery were
never conducted. Here, in vivo 2PLSM followed by quantitative
ssEM were used to assess the integrity of dendrites in the senso-
rimotor cortex of urethane-anesthetized mice during SD evoked

by transient bilateral common carotid artery occlusion (BCCAO)
and during recovery after reperfusion and repolarization.

Materials and Methods
Animals and Surgical Procedures

All procedures followed National Institutes of Health guidelines
for the humane care and use of laboratory animals and under-
went yearly review by the Animal Care and Use Committee
at Medical College of Georgia. The mice were bred and kept
in group cages in the certified animal facilities and provided
with food and water ad libitum. We used 69 mice of the B6.Cg-
Tg(Thy1-EGFP)MJrc/J strain (JAX:007788), but only nine male and
female mice of average age ∼3 months passed our rigid tissue
assessment criteria (stated in the “Results” section) and were
analyzed with ssEM. Mice were anesthetized with an intraperi-
toneal injection of urethane (1.5 mg/g), the trachea was cannu-
lated, and animals were ventilated with SAR-1000 (CWE). Body
temperature was maintained at 37 ◦C. The depth of anesthesia,
blood oxygen saturation level (>90%), and heart rate (450–650
beats/min) were monitored continuously with a MouseOx pulse
oximeter (STARR Life Sciences). Implantation of the cranial win-
dow followed standard protocol (Risher et al. 2010). An optical
chamber was constructed over the sensorimotor cortex by cov-
ering the intact dura with a thin layer of 1.5% agarose prepared
in a cortex buffer (in mM: 135 NaCl, 5.4 KCl, 1 MgCl2, 1.8 CaCl2,
and 10 HEPES, pH 7.3). The chamber was open for access with
glass micropipettes. The Ag/AgCl pellet ground electrode (A–M
Systems) was installed under the skin above the nasal bone. A
0.1 mL bolus of 5% (w/v) Texas Red Dextran (70 kDa) (Invitrogen)
in 0.9% NaCl was injected into the tail vein for CBF visualization.
Chemicals were from Sigma unless indicated otherwise.

Electrophysiology and BCCAO Stroke Model

The DC potential and spontaneous electrocorticographic (ECoG)
activity were recorded with a glass microelectrode (1–2 MΩ)
inserted next to imaged dendrites. Signals were recorded with a
MultiClamp 200B amplifier, filtered at 1 kHz, digitized at 10 kHz
with Digidata 1322A and analyzed with pClamp 10 (Molecular
Devices).

Transient global cerebral ischemia was induced on the micro-
scope stage by BCCAO (Murphy et al. 2008; Risher et al. 2012;
Kislin et al. 2017). Briefly, an incision was made in the middle of
the ventral neck, and one suture was placed around each CCA.
A single SD was evoked during occlusion by applying tension
to sutures, and controlled reperfusion was then achieved by
releasing the tension of these sutures.

Imaging Modalities

The Zeiss LSM510NLO META multiphoton system mounted on
the Axioscope 2FS microscope was used to collect images with a
40x/0.8NA water-immersion objective. The Spectra-Physics Mai-
Tai laser tuned to 910 nm was used for two-photon excitation.
The 3D time-lapse image stacks consisting of ∼20 sections were
taken at 1 μm increments across 75 × 75 μm imaging field within
layer I of the sensorimotor cortex. Images were processed with
Huygens deconvolution software (Scientific Volume Imaging)
and analyzed with NIH ImageJ.

Laser speckle imaging was used to acquire two-dimensional
maps of CBF as described elsewhere (Dunn et al. 2001; Sigler et al.
2008; Risher et al. 2010). The cortical surface was illuminated
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by a 785 nm StockerYale laser, and images were collected with
4×/0.075 NA objective at 13 Hz with 20 ms exposure time using
the Dalsa Pantera 1 M60 camera.

Changes in Intrinsic Optical Signal (IOS) were quantified with
ImageJ plugin (Harrison et al. 2009). The cortical surface was
illuminated by red light-emitting diodes (center at 635 nm).
Images were collected through 4×/0.075 NA objective at 10 Hz
with 100 ms exposure time using the Dalsa Pantera 1 M60
camera. Vibrotactile stimuli of 1 ms duration were delivered
at 200 Hz for 1 s using a piezoelectric bending actuator. Each
imaging session contained 20 trials of 4 s collected continuously
for 80 s. During each trial, 15 baseline images were acquired over
1.5 s, and 15 images were acquired after hindlimb stimulation.
Baseline images were integrated to create a single baseline
image, and stimulation images were integrated to create a single
stimulation image. Then the stimulation image was divided by
the baseline image to produce a hindlimb functional map.

Electron Microscopy and Image Analysis

Mice were perfusion-fixed through the heart at 180 mmHg with
mixed aldehydes (2% paraformaldehyde, 2.5% glutaraldehyde,
2 mM CaCl2, 4 mM MgSO4, in 0.1 M sodium cacodylate, pH 7.4).
The area of intravital imaging was identified in the fixed brain
with 2PLSM using the blood vasculature and the dendritic pat-
tern as a guide and then labeled with the Statlab Klinipath Plus
permanent histological marker. The region around this fiducial
point was manually trimmed under a dissecting microscope,
and tissue was processed with standard microwave-enhanced
procedures through osmium, uranyl acetate, dehydration with
a graded ethanol series, and embedding in Epon–Araldite resin
(Kirov et al. 1999). Four series per each experimental condition
and 12 total, containing 147–220 sections, each ∼53 nm thick,
were cut at a depth of intravital imaging with a diamond knife
on an EM UC6 ultramicrotome (Leica), collected on pioloform-
coated copper Synaptek slot grids (Electron Microscopy Sci-
ences), and stained with uranyl acetate and lead citrate. Serial
sections were photographed at 5000× with the JEOL 1230 trans-
mission electron microscope using the UltraScan 4000 camera
(Gatan). The 3D alignment, surfaced reconstructions, and analy-
ses, blind as to condition, were completed using RECONSTRUCT
software (Fiala 2005). Dendritic spines were identified and clas-
sified by standard criteria (Harris et al., 1992; Kirov et al., 1999).
The density of dendritic microtubules was assessed by dividing
microtubule number by area of cross-sectioned dendrite exclu-
sive of any spines (Fiala et al. 2003). The mean number of micro-
tubules per cross-sectional area for each dendrite was calculated
from 5 equally spaced measurements along the dendrite.

Experimental Design and Statistical analyses

Statistica (StatSoft) was used for statistical analyses. A two-
tailed paired t-test, one-way analysis of variance (ANOVA) and
covariance (ANCOVA) followed by Tukey’s honest significance
differences (HSD) post hoc test were used to compare group
means for parametric data. Mann–Whitney rank-sum test and
Kruskal–Wallis ANOVA on ranks followed by Dunn’s post hoc
test were used to compare the differences in the median values
among the groups for nonparametric data. The linear regres-
sion analysis was applied to quantify the strength of the rela-
tionship between two variables. The slopes of the regression
lines were compared using the homogeneity-of-slopes model. A
χ2 test was used to analyze data arranged in contingency tables.

Kolmogorov–Smirnov (K–S) test was used for statistical analysis
of dendritic protrusions length. The sample size of each experi-
mental group is given in the “Results” and “Figure legends”. Data
are presented as mean ± SEM, and the significance criterion was
set at P < 0.05.

Result
A BCCAO Stroke Model Allows Examining SD-Induced
Cytotoxic Edema

We utilized a BCAAO model of global ischemia to obtain samples
for quantitative ssEM analyses of the impact of a single SD on
dendritic ultrastructure. The procedure was performed on the
microscope stage, allowing the combination of different imaging
modalities with the electrophysiological recording (Figs 1 and
2). The cortical slow DC potential and spontaneous ECoG activ-
ity were recorded with a glass microelectrode (Figs 1A and 2A).
Occlusion resulted in a ∼90% decrease in CBF that was followed
by the characteristic nonspreading depression of spontaneous
ECoG activity used as a marker of ischemic onset (>80% reduc-
tion of the power spectrum amplitude (mV2/Hz) in the 0.3–3 Hz
frequency domain) (Murphy et al. 2008; Risher et al. 2010; Dreier
2011). SD followed ECoG depression after 173 ± 27 s (note that
this time is given for six mice that were used for ssEM analyses).
SD was detected as a large negative shift in the DC potential
of 14.8 ± 3.0 mV (n = 6 mice). Somatosensory stimulus-evoked
IOS imaging reflects hemodynamic responses that are evoked
by underlying neuronal activity (Maldonado et al. 1997). A func-
tional area responsive to the movement of the hindlimb was
delineated with IOS imaging (Murphy et al. 2008) (Fig. 1B2), and
the IOS response map was used to confirm loss and recovery of
cortical function during occlusion and reperfusion, respectively
(Fig. 1C2,D2). Two-dimensional maps of CBF were acquired by
laser speckle imaging (Figs 1B3 and 2B2). This technique was
used to verify the loss of CBF during occlusion (Figs 1C3 and 2C2)
and return of CBF during reperfusion (Fig. 1D3).

A total of 69 mice were allocated into three experimental
groups; “Sham”, “SD”, and “Recovery”, but only nine animals
passed all rigid tissue assessment standards (outlined in the
next section) and were selected for quantitative ssEM analyses.
The baseline imaging was conducted in all groups to confirm
an unimpaired somatosensory response, intact CBF, and undam-
aged dendritic structure over the area of hindlimb representa-
tion, as shown in Fig. 1B2–4. Mice in the Sham group were not
subjected to BCCAO, and after baseline imaging were perfusion-
fixed through the heart with mixed aldehydes. Mice in the SD
group were subjected to BCCAO that evoked SD (Fig. 2A). After
confirmation of SD-induced dendritic beading with 3D time-
lapse 2PLSM (Fig. 2C3), mice were quickly fixed by transcar-
diac perfusion at 4.4 ± 0.2 min of SD onset and without CBF
recovery (time is given for three mice analyzed with ssEM).
In the Recovery group, blood reperfusion was started at 10–
15 s after the onset of BCCAO-induced SD by releasing the
tension of sutures around CCAs. Dendrites were beaded by SD
(Fig. 1C4). The DC potential repolarized to the baseline level
after a 1.21 ± 0.4 min of sustained depolarization (n = 3 mice
analyzed with ssEM), and these mice were perfusion-fixed at
70 ± 3.5 min of blood reperfusion. Recuperation from dendritic
beading (Fig. 1D4) was accompanied by the return of IOS maps
(Fig. 1D2) and by the reoccurrence of ECoG activity (Fig. 1A),
suggesting recovery of synaptic circuits (Murphy et al. 2008;
Xie et al. 2014). Indeed, while significant numbers of dendritic

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/advance-article-abstract/doi/10.1093/cercor/bhaa134/5850055 by Augusta U

niversity G
reenblatt Library user on 08 June 2020



4 Cerebral Cortex, 2020, Vol. 00, No. 00

Figure 1. Experimental design to study the impact of transient BCCAO-induced SD on synaptic ultrastructure in the mouse sensorimotor cortex. (A) Electrocortico-
graphic (ECoG) activity from a glass microelectrode placed next to the imaged dendrites in layer I of the sensorimotor cortex. Top, digitally filtered ECoG trace (1–3 Hz
bandpass), indicating rapid suppression of spontaneous activity during BCCAO and recovery of the signal after reperfusion. Bottom, the corresponding record of the

DC cortical surface potential. The large negative deflection in the DC potential indicates BCCAO-induced SD. Red arrows mark the beginning of occlusion and the
start of reperfusion at 10–15 s of SD onset. Blue arrows specify approximate time points on the DC potential recording when corresponding images in columns (B)
(Before SD/Baseline), (C) (During SD/SD), and (D) (Reperfusion/Recovery) were taken. (B2–D2) Composite images of the cortical surface vasculature and IOS response

map. A picture of the cortical surface was taken while illuminating the cortex with a green light. Color IOS response maps are showing the sensory representation of
the contralateral left hindlimb (HL) over the right sensorimotor cortex. Discrete HL territory is observed before occlusion (B2), IOS response maps disappeared after
BCCAO (C2) but recovered at 1 h of reperfusion (D2). Edges of the craniotomy (dashed circle), placement of recording microelectrode (dotted line), and 2PLSM imaging
area (square) are indicated in B2. (B3–D3) In another mouse, a representative grayscale image sequence of laser speckle contrast reveals surface CBF directly below the

craniotomy, with regions of high-velocity CBF appearing dark (B3). Loss of CBF during occlusion (C3) and recovery of CBF upon reperfusion (D3) are seen. (B4–D4) In vivo
2PLSM maximum intensity projection images of dendrites (green, EGFP) along with nearby blood vessels (red, Texas Red dextran). Corresponding high-magnification
zoom-in images of white boxed areas are shown at the bottom. Dendritic beading (C4) precisely coincided with the passage of SD recorded by a microelectrode placed
next to imaged dendrites. When reperfusion was initiated within 10–15 s after the detection of SD, dendritic beading was reversible (D4). Arrowheads illustrate some

dendritic spines that were persistent (white arrowheads), transiently lost (yellow arrowheads), or permanently lost (red arrowhead) during SD-induced dendritic
beading.
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Figure 2. Experimental design to study the impact of persistent BCCAO-induced SD on synaptic ultrastructure in the mouse sensorimotor cortex. (A) Recordings of the

ECoG activity from a glass microelectrode in the location of 2PLSM imaging in layer I of the sensorimotor cortex in the SD group of mice. Nonspreading depression of
ECoG activity caused by BCCAO is shown at the top. The corresponding trace of the DC potential with persistent SD is shown at the bottom. The red arrow indicates
the beginning of occlusion. Blue arrows mark approximate time points on the DC potential recording when baseline images before occlusion (column B) and images
during persistent SD (column C) were acquired. (B2) The preocclusion baseline grayscale image of laser speckle contrast reveals flowing blood vessels that appear dark.

The dotted line indicates the placement of the recording electrode, and white square marks 2PLSM imaging area. (C2) Corresponding laser speckle image shows the
loss of CBF during occlusion. (B3–C3) Pairs of 2PLSM images of dendrites and blood vessels showing dendritic beading coinciding with the onset of SD. White boxes
indicate the location of zoom-in images displayed at the bottom. After imaging, mice were perfusion-fixed through the heart without CBF recovery. (B4–D4) Pairs of
2PLSM high-magnification images of dendritic segments before and after animals were perfusion-fixed through the heart with mixed aldehydes. The same imaging

fields are shown before and after fixation in sham-operated mouse (Sham group, B4). Nearly the corresponding imaging fields are shown before and after fixation in
mouse perfusion-fixed at 4 min after SD onset (SD group, C4). Different imaging fields are shown after reperfusion in a mouse from the Recovery group before and
after fixation (D4).
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spines were not detectable during SD (56.4 ± 7.4% decrease in
spine density, t(19) = 5.97, P < 0.001, Paired t-test, n = 6 mice
analyzed with ssEM), spine density almost completely recovered
within 97.3 ± 7.8% of the baseline values during repolarization
and reperfusion (t(7) = 2.47, P < 0.05, Paired t-test, n = 3 mice from
Recovery group that were analyzed with ssEM) (Fig. 1B4,C4,D4).

2PLSM imaging of the fixed brain revealed that fixed
dendrites were morphologically intact in mice from Sham and
Recovery groups (Fig. 2B4,D4) and retained beaded appearance
in the SD group (Fig. 2C4). Since dendrites appeared almost
identical at the end of 2PLSM imaging and after fixation
(Fig. 2B4,C4,D4), suggesting that the morphology we saw was
primarily due to the effect of SD and not an ischemic artifact,
we concluded that the BCCAO stroke model is suitable for
examining the immediate impact of single SD on synaptic
circuits at the ultrastructural level. We, therefore, used this
model to study onset and recovery from SD-induced neuronal
cytotoxic edema at the ultrastructural level.

Selection Criteria for ssEM Analyses

Excellent tissue preservation was a prerequisite for all EM sam-
ples in three groups (Fig. 3A,B,D). Additional criteria were 1)
No apparent deficit with preocclusion imaging for dendritic
structure, CBF, and IOS functional response; 2) During occlusion,
CBF must have dropped to ≤90% of baseline; 3) SD has occurred
within 2–5 min after occlusion; 4) CBF was regained, and the
IOS signal returned after reperfusion; 5) Mice in the SD group
are perfusion-fixed ∼4 min after SD onset; 6) Dendrites imaged
in vivo and after fixation have similar morphology to rule out
fixation artifact. Only 13% of mice (9 out of 69; 3 in each group)
passed all these criteria and were used for quantitative ssEM
analyses.

Ultrastructural Components of Dendrites Altered by SD
Reveal Cytotoxic Edema

Tissue blocks from areas of 2PLSM imaging have yielded
electron micrographs showing intact neuropil in Sham animals
(Fig. 3A) with consistent ultrastructural changes within SD
and Recovery mice (Fig. 3B,D). A representative single section
electron micrograph from neuropil in the hindlimb area of
Sham mice reveals healthy dendrites with well-preserved spines
and synapses with compact postsynaptic densities, intact
cytoplasm with uniformly spaced microtubules and structurally
unimpaired mitochondria (Fig. 3A). In contrast, dendrites from
the SD group have signs of neuronal cytotoxic edema with
a watery cytoplasm and microtubule loss. Cross-sectioned
dendritic segments contained swollen mitochondria (Fig. 3B).
Likewise, longitudinally sectioned dendrites exhibited signs of
focal swelling (beading) with a watery cytoplasm within beads
devoid of microtubules (Fig. 3C). Electron micrographs from
the Recovery group consistently show substantial recuperation
of dendritic and mitochondrial structure accompanied by the
repolymerization of microtubules (Fig. 3D).

Cross-sectioned dendrites were examined through serial
sections to evaluate the degree of microtubule disruption. In
Sham mice, in agreement with our previous findings (Fiala
et al. 2003), the relationship between the cross-sectional
dendrite area and microtubule number was linear. The same
linear relationship relative to dendrite size remained in SD
and Recovery groups (Fig. 3E). There were significantly fewer
microtubules in dendrites from the SD group than in Sham mice

(P < 0.001, Tukey’s HSD), but dendritic microtubules reappear
in the same number in Recovery group as in Sham (P = 0.96,
Tukey’s HSD). Indeed, average dendritic microtubule densities
in the SD group decreased to 36.3 ± 4.1% (P < 0.001 relative to
Sham, Tukey’s HSD) but returned to 84.8 ± 5.0% in Recovery
group (P = 0.15 relative to Sham, Tukey’s HSD) (Fig. 3F). Thus, EM
confirmed that dendritic beading and dendritic recovery, which
are readily detectable in real-time with 2PLSM, are associated
with substantial ultrastructural changes in dendritic cytoplasm
indicative of the onset and recovery from neuronal cytotoxic
edema.

Ultrastructural Changes in Spines and Synapses
Alongside SD-Induced Dendritic Beading and During
Recovery

Consistent with the previous report by Murphy et al. (2008),
2PLSM image analyses from the Recovery group revealed that
individual spines, transiently lost during SD, reappeared in
the same location, and spine density nearly entirely recovered
(Fig. 1B4,C4,D4). However, some spines were lost. It is possible
that these spines were not detectable with 2PLSM because they
have retracted or become obscured by the dendritic shaft or
by other spines. It is also feasible that SD is the mechanism
implicated in the rapid spine loss, but the fate of synapses at
the lost dendritic spines is unknown.

We used ssEM and unbiased volumetric analysis (Fiala and
Harris 2001; Witcher et al. 2010) to quantify the fraction of
synapses lost and recovered across experimental groups. At
the ultrastructural level, thickened postsynaptic density (PSD)
adjacent to a presynaptic axonal bouton is a characteristic of the
asymmetric, presumably excitatory synapse, while uniformly
thin pre- and postsynaptic densities distinguish symmetric,
presumably inhibitory, or modulatory synapse. In Sham mice,
asymmetric synapses were evident on dendritic spines and
along some dendritic shafts. The rare symmetric synapses
could also be found on some dendritic shafts. However, many
synapses in the SD group had enlarged PSDs, as was previously
observed after transient ischemia (Hu et al. 1998). Therefore,
we did not differentiate between asymmetric and symmetric
synapses because an unequivocal distinction between these
classes in SD and Recovery groups was inaccurate. The
unbiased 3D stereological analysis revealed that the density
of synapses was not different between the groups (Fig. 4A,
P = 0.49 one-way ANOVA). The results from the volumetric
analysis were confirmed in the dendrite analyses from 3D
ssEM reconstructions. The density of synapses was similar
between reconstructed dendrites (F(2,92) = 1.67, P = 0.19 one-
way ANOVA), demonstrating that there was no synapse loss
during SD under our experimental conditions. One-way ANOVA
has also revealed no differences in the density of macular
(P = 0.08) or perforated (P = 0.29) synapses between groups.

Likewise, ssEM analysis revealed no changes in the density
of dendritic protrusions, including shaft synapses (Fig. 4B, “All,”
P = 0.46 one-way ANOVA). However, spines and protrusions were
significantly shorter in SD (P < 0.001, K–S test) and Recovery
groups (P < 0.001, K–S test) than in the Sham group (Fig. 4C)
indicating dendritic swelling. Next, we sorted dendritic protru-
sions into thin (Fig. 4D,F,H) and mushroom (Fig. 4E,G,I) spines
that predominated in all conditions, or an “Other” category with
stubby, branched and incomplete protrusions, filopodia, and
shaft synapses. Thin and mushroom spines appeared similar
in shape between groups. The density of thin spines was not
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Figure 3. Representative electron micrographs from neuropil in the hindlimb territory of layer I of sensorimotor cortex at the location of intravital 2PLSM imaging. (A)
Morphologically healthy neuropil in Sham mouse 50 μm below the pia. Dendrites [D] have intact cytoplasm with arrays of microtubules (arrows). Healthy synapses
(chevrons) appose axonal boutons [A] filled with synaptic vesicles. An example of longitudinally sectioned thin (t) spine is also evident. Dendritic mitochondria

(arrowheads) are intact. (B) Disrupted neuropil 40 μm below the pia at 4 min after the passage of SD (SD group). Cross-sectioned swollen dendrites [D] have watery
cytoplasm (squares) and swollen mitochondria (diamonds) with some cristae damage. Fewer microtubules (arrows) occur in dendrites, and some dendritic profiles
appear without microtubules. Synapses with enlarged postsynaptic densities (chevrons) appose axonal boutons partially depleted of synaptic vesicles. Narrow spine
neck (circle) emanating from the main dendritic shaft [D] is visible. (C) Example of the longitudinally sectioned dendrite (yellow) with an undulated plasma membrane

from the SD group. SD has triggered neuronal cytotoxic edema, as evidenced by dendritic beading, watery cytoplasm, and loss of microtubules. All synaptic contacts
(chevrons) on this dendritic segment are located on the dendritic shaft with postsynaptic membranes still attached to the presynaptic axonal boutons. (D) Neuropil
in Recovery group photographed 35 μm below the pia at 70 min after the onset of SD and immediate reperfusion. Cross-sectioned dendrites [D] exhibit axial arrays
of microtubules (arrows) and recovered intact mitochondria (arrowheads), while few mitochondria remain swollen (diamonds). The cytoplasm of some recovered

dendrites contained distended vacuoles (stars). Synapses (chevrons) with still enlarged postsynaptic densities apposed axonal boutons [A] densely packed with synaptic
vesicles. Some examples of mushroom (m) spines are marked. (E) SD-induced loss and recovery of microtubule arrays in dendrites. Each point in the chart represents
the mean number of microtubules and the mean cross-sectional area from five measurements along each dendritic segment reconstructed through serial sections in

Sham, SD, and Recovery groups. Microtubule number was significantly reduced after SD but recovered during reperfusion (F(2, 84) = 33.44, P < 0.001, one-way ANCOVA
controlling for the effect of dendritic size, Tukey’s HSD post hoc test). In all groups there was a linear relationship of microtubules to the cross-sectional area of
dendrites (Sham group, solid regression line, r = 0.85, P < 0.001, n = 26 dendrites; SD group, gray dashed regression line, r = 0.87, P < 0.001, n = 34 dendrites; Recovery
group, dashed black line, r = 0.74, P < 0.001, n = 28 dendrites). The slopes of the regression lines were not different (P = 0.3, the homogeneity-of-slopes model for three

independent samples), indicating that the loss and recovery of microtubules were similar between small and large dendrites. (D) Average dendritic microtubule density
across experimental groups (F(2, 84) = 42.30, ∗P < 0.001, one-way ANOVA with Tukey’s HSD post hoc test). Data are represented as mean ± SEM.

significantly different across conditions (P = 0.38, Kruskal–Wallis
ANOVA on Ranks) while the density of mushroom spines was
32.6 ± 9.2% less in SD than in Sham mice (P < 0.05, Tukey’s HSD)
(Fig. 4B). In contrast, the density of protrusions and synapses
in the “Other” category was 112.4 ± 28.4% greater in SD than
the Sham group (Fig. 4B, P < 0.05, Dunn’s post hoc test) with no
difference between other two pairs of groups.

A detailed analysis of the individual components of the
“Other” category revealed a remarkable increase in the density

of shaft synapses by 458.7 ± 99.0% in the SD group relative to
Sham (Fig. 5A–D, P < 0.05, Dunn’s test) suggesting that SD has
induced a retraction of some spines to dendritic shafts or spines
were simply overwhelmed by swelling and beading. Notably, the
postsynaptic dendritic membranes remained always attached
to the presynaptic axonal boutons. During Recovery, the density
of shaft synapses has significantly decreased by 43.9 ± 17.9%
as compared with the SD group (P < 0.05, Dunn’s test) and,
although still elevated, the density of shaft synapses was not
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Figure 4. Synapses and dendritic protrusion number and length before, during, and after recovery from SD. (A) The unbiased 3D stereological analysis has shown no
change in volumetric densities of synapses across groups (F(2,9) = 0.78, P = 0.49, one-way ANOVA). Overall, 1322 synapses were counted in the 3D from a total of 873 μm3

(∼293 μm3 per group) with 433 synapses in Sham, 438 in SD, and 451 in Recovery groups. Data are represented as mean ± SEM. (B) The dendrite analyses from 3D ssEM

reconstructions have shown no changes in the overall density of dendritic protrusions including shaft synapses (“All,” F(2,92) = 0.89, P = 0.46 one-way ANOVA) and no
changes in the density of thin spines (P = 0.38, Kruskal–Wallis ANOVA on Ranks). There was a selective decrease in the density of mushroom spines (F(2,92) = 3.67,
∗P < 0.05 one-way ANOVA with Tukey’s HSD post hoc test) and increase in the density of “other” protrusions in the SD group (∗P < 0.05, Kruskal–Wallis ANOVA with
Dunn’s post hoc test). Twenty-six reconstructed dendrites with 296 synapses were analyzed in Sham, 41 dendrites with 532 synapses in SD, and 28 dendrites with 327

synapses in Recovery groups. Data are represented as mean ± SEM. (C) Cumulative frequency plots for dendritic protrusions length in three groups. K–S test confirmed
a significant difference between the curves representing data from SD and Sham or Recovery groups. (D, F, H) Dendrites with a thin spine in Sham (D), SD (F), and
Recovery (H) groups. (E, G, I) Typical mushroom spines in Sham (E), SD (G), and Recovery (I) groups. (D, dendrite; t, thin spine; m, mushroom spine).

significantly different from Sham animals (Fig. 5D). ANOVA
revealed no changes in the density of infrequent stubby
(P = 0.08), branched spines (P = 0.60), filopodia (P = 0.06), or
incomplete protrusions (P = 0.07), that is, protrusions that were
not entirely contained within the serial sections.

Two potential caveats might affect the finding of a marked
increase in shaft synapses from only 29 observations (9.8% of
total) in Sham to 211 observations at 39.7% in the SD dataset
(P < 0.001, X2 test). First, as indicated above, we were unable to
always clearly distinguish between asymmetric and symmetric
shaft synapses in SD and Recovery groups due to an increase
in PSD thickness. However, it is unlikely that an increase in
shaft synapses in the SD group is due to a selective rise in the
number of symmetric inhibitory synapses because symmetric

synapses are rare and only 6 of them were observed on recon-
structed dendrites from Sham dataset. The second caveat con-
cerns nonspiny interneuron dendrites because some of them
could be accidentally included in the SD dataset. Infrequent
interneuron dendrites were easily identifiable in Sham mice
by a prevalence of shaft synapses rather than spine synapses
(Gulyas et al. 1999; Fiala et al. 2003), and, therefore, were excluded
from analyses. Indeed, only 14 out of 127 dendritic segments
contained within Sham series were interneuron dendrites (11%
of the total, 2–5 interneuron dendritic segments per EM series).
Still, nonspiny interneuron dendrites might be mistaken for
dendrites of pyramidal neurons in SD mice in those cases when
the majority of spines retracted to the shaft or subdued by
swelling and beading. Indeed, 22% of reconstructed dendrites (9
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Spreading Depolarization-Induced Cytotoxic Edema Kirov et al. 9

Figure 5. Transient increase in the frequency of shaft synapses during SD. (A–C) Examples of reconstructed dendritic segments (yellow) with excitatory synapses (red)
and mitochondria (fuchsia) at the location of intravital 2PLSM imaging before (A), during (B), and after (C) recovery from SD. Each dendritic segment was reconstructed
from 77 to 190 sections ∼52 nm thick and displayed according to synapses density indicated at the bottom of each dendrite. The vast majority of synapses occurred on
dendritic spines in all conditions. A fraction of shaft synapses has increased on dendrites during SD but then decreased during recovery. Dendrites from sham-operated

animals contained filamentous (tubular) mitochondria, whereas mitochondria in mice fixed during SD were fragmented or contained swollen globular mitochondria
interconnected by thin segments (black arrows). The majority of dendrites and mitochondria recovered at ∼1 h after reperfusion. Video sequences of rotating 3D scenes
containing some of these dendrites are shown in Supplementary Material. (D) A bar graph showing a transient increase in the density of shaft synapses during SD

(∗P < 0.05, Kruskal–Wallis ANOVA on Ranks with Dunn’s post hoc test). Data are represented as mean ± SEM.

out of 41) in the SD dataset had the majority of synapses on the
dendritic shaft. It is possible that some of these dendrites were
nonspiny interneuron dendrites, and their intentional inclusion
artificially boosted the proportion of shaft synapses in the SD
dataset. To address this potential bias, we excluded all nine den-
drites with predominantly shaft synapses from the SD dataset in
addition to one dendrite from the Recovery dataset and repeated
analyses. The density of shaft synapses was still increased in SD
mice by 257.3 ± 32.7% relative to Sham (Kruskal–Wallis ANOVA
on Ranks, P < 0.05, Dunn’s test), and it was not different between
Sham and Recovery groups. This additional analysis implies that
SD has indeed triggered the retraction of some spines to the
dendritic shaft, or these spines were overwhelmed by swelling
and beading.

SD-Induced Mitochondrial Fragmentation and Recovery

As previously reported for dendrites of pyramidal neurons
(Popov et al. 2005; Kislin et al. 2017), every reconstructed

dendritic segment in Sham mice contained long filamentous
mitochondria (Fig. 5A). Transverse serial sections of these
dendritic segments allow reconstruction of 60 mitochondria
with an average length of 5.79 ± 0.6 μm and a maximum width
of 0.35 ± 0.01 μm (Fig. 6A). However, this average mitochondrial
length is an underestimate as only 21 of reconstructed
mitochondria were fully confined within series with others
extending beyond one or both edges of the series. Some
mitochondria were short and resembled globules in their
appearance. It is well known that mitochondrial function
and bioenergetics are tightly linked to their morphology and
that excessive fission of normally elongated mitochondrial
organelles signifies the loss of their function (Knott et al. 2008;
Rugarli and Langer 2012; Picard et al. 2013; Breckwoldt et al.
2014). Therefore, we classified all reconstructed mitochondria
into globules and tubules based on the ratio of the mitochondrial
length to the maximum width where the ratio of 3 was arbitrarily
selected as a reference threshold between these subtypes. Such
analysis has shown that globular mitochondria were infrequent
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Figure 6. Mitochondria fragmentation during SD and recovery during reperfusion and repolarization. (A) Representative 3D mitochondrial reconstructions from ssEM
reveal predominantly tubular mitochondria in Sham mice, mostly “mitochondria-on-a-string” (MOAS) and globular mitochondria during SD and again mainly tubular
mitochondria in Recovery condition. Thin segments within mitochondrial organelles during SD imply ongoing fission events known to lead to the fragmentation

of tubular mitochondrial network. (B) Representative longitudinal single EM section of a dendrite with a “mitochondria-on-a-string” in SD condition. (C) Percentage
of mitochondrial organelles classified as tubular, globular, or MOAS in different experimental conditions. The number of mitochondria that were measured in each
condition is indicated under each bar. (D) Cumulative frequency of maximum width of each mitochondrial organelle in Sham, SD, and Recovery datasets. The maximum
width of mitochondria was significantly larger in SD than in Sham (P < 0.0001, K–S test) and Recovery conditions (P < 0.0001, K–S test) but mitochondria were still wider

in the Recovery dataset than in Sham (P < 0.005, K–S test).

in Sham mice (10% of total) (Fig. 6C), suggesting normal fusion
and fission dynamics (Westermann 2010; Chan 2012; Pernas and
Scorrano 2016).

In the SD group, 92 mitochondria were reconstructed from
41 dendrites. Each dendrite contained mitochondria, but 45%
of these reconstructed mitochondria appeared in the form of
elongated interconnected organelles, termed “mitochondria-on-
a-string” (MOAS) (Zhang et al. 2016) (Figs 5B and 6A,B). The tubu-
lar structure was retained by only 11% of mitochondria, while
the frequency of globular mitochondria has increased to 34%.
Remaining 10% of mitochondria were not classified because
they were cut off too short at the edges of the series to cat-
egorize (Fig. 6C). MOAS were found in 71% of dendrites during
SD, and the mean maximum width of enlarged MOAS segments
(0.70 ± 0.02 μm, n = 94) was twice larger than an average maxi-
mum diameter of mitochondria in Sham animals indicating sig-
nificant swelling (P < 0.001, Mann–Whitney rank sum test). Like-
wise, the maximum diameter of globular and remaining tubular

mitochondria (0.60 ± 0.03 μm, n = 45) was significantly larger
than in Sham mice (P < 0.001, Mann–Whitney rank sum test)
(Fig. 6D). Multiple MOAS were found in 15% of dendrites, with
some of them appearing to be previously interconnected seg-
ments of the same mitochondrion. This observation, together
with a significantly higher proportion of globular mitochondria
in SD than in Sham condition (P < 0.001, X2 test), suggests ongo-
ing fragmentation of the mitochondrial network that is con-
sidered a hallmark of mitochondrial injury (Rugarli and Langer
2012; Otera et al. 2013).

In the Recovery group, there were no MOAS found in 30
reconstructed dendritic segments (Figs 5C and 6A). Indeed, 72%
of 94 reconstructed mitochondria had a tubular structure, and
elongated tubular mitochondria were present in every den-
drite. The fraction of globular mitochondria has decreased to
23% (Fig. 6C). However, the proportion of globular mitochon-
dria was not significantly different from the SD group (P = 0.07,
X2 test) and was still significantly higher than in Sham mice
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(P < 0.05, X2 test). The average maximum width of mitochon-
drial organelles in the Recovery group was 0.43 ± 0.01 μm. It
was significantly less than both maximum mitochondrial and
MOAS width in SD condition (P < 0.001, Mann–Whitney rank sum
test) but still significantly larger than maximum mitochondrial
width in Sham animals (P < 0.001, Mann–Whitney rank sum
test) (Fig. 6D). Taken together, these findings indicate substantial
mitochondrial recovery from SD with some residual mitochon-
drial swelling remaining after ∼1 h of reperfusion.

Discussion
SD causes the onset of cytotoxic edema (Dreier et al. 2018).
However, despite the clear clinical significance, very little
information is available about the immediate development of
SD-induced cytotoxic edema at the ultrastructural level. Here
we presented pivotal quantitative ssEM data demonstrating
the evolution of neuronal cytotoxic edema caused by SD.
Quantitative ultrastructural analyses corroborated structural
changes that were first observed with 2PLSM during SD. SD has
triggered neuronal cytotoxic edema, as evidenced by dendritic
swelling/beading with watery cytoplasm, swollen organelles,
and loss of microtubules. Overall synaptic density was not
affected, although the significant increase in the number
of shaft synapses suggests that some spines were subdued
by swelling and beading. Upon immediate reperfusion and
repolarization, cytotoxic edema mainly subsides as confirmed
by a nearly complete recovery of dendritic ultrastructure.

Transient global cerebral ischemia is a popular model for
studying neuronal injury following short ischemic episodes. We
employed a transient BCCAO model of global ischemia specifi-
cally adapted for 2PLSM imaging (Murphy et al. 2008; Kislin et al.
2017). In this model, the occurrence of a single SD coincides
with dendritic beading and astroglial swelling (Risher et al.
2012), signifying a rapid onset of the cytotoxic edema (Hartings
et al. 2017). Within 4 min of SD, mice were perfusion fixed
through the heart, allowing a single time point snapshot of
SD-induced brain edema. The unavoidable 4 min of circulatory
arrest between the onset of SD and perfusion-fixation of the
brain was the minimum period necessary to confirm dendritic
beading with 2PLSM and perform uniform fixation procedure.
While it is conceivable that ssEM analyses revealed the impact
of SD-triggered edema, an additional 4 min of ischemia could
further exacerbate dendritic damage. In the BCCAO model, a
severe energy deficit following a sudden reduction in CBF and
without prompt reperfusion results in terminal SD accompanied
by permanent dendritic beading (Murphy et al. 2008). With fast
reperfusion, dendritic beading subsides (Risher et al. 2012). In
the Recovery group, reperfusion was started 10–15 s after SD
onset, while dendritic beading and recovery were monitored
with 2PLSM. Hence, ssEM analyses of the Recovery group closely
reflect the recuperation of dendritic ultrastructure after the
occurrence of SD-induced cytotoxic edema.

Previous single section EM analyses described neuronal ultra-
structural disruptions after global ischemia and in a few hours
to days after reperfusion (Pulsinelli et al. 1982; Yamamoto et al.
1990; Tomimoto and Yanagihara 1992, 1994; Zhu et al. 2017).
These studies have provided only incomplete information about
the degree of acute dendritic swelling and recovery, limited to
a mere visual assertion of dendritic and mitochondrial swelling
and disintegration of microtubules. Moreover, since electrophys-
iological recordings were not conducted in these studies, it is

unknown if SD was triggered by ischemia and if SD invaded
neuropil analyzed by EM. To our knowledge, there are only two
EM studies that examined cellular swelling brought on by SD at
5–6 min after asphyxiation (Van Harreveld and Malhotra 1967)
or during normoxic SD triggered by electrical stimulation or KCl
application (Van Harreveld and Khattab 1967). In these studies,
a murine cortical tissue was rapidly frozen and then prepared
for EM with a freeze-substitution method of fixation. However,
only the superficial 10–15 μm of the cortex were available for
EM analyses because the fine structure of the neuropil was
disrupted by ice crystals forming in a deeper tissue. While
the identification of cellular elements after SD in the region
of the freeze-substituted cortex was challenging, these studies
revealed a profound loss of the extracellular space and the
presence of swollen dendritic profiles. Some swollen dendritic
structures were arising from a relatively thin fiber thus, resem-
bling dendritic beading. It was also found that shrinkage of
the extracellular space and tissue swelling was reversible after
the passage of normoxic SD (Van Harreveld and Khattab 1967).
Importantly, it was shown that shrinkage of the extracellular
space, which reflects cytotoxic edema, did not develop with a
start of ischemia, but could be detected after 5–6 min of asphyx-
iation, that is, about 3–4 min after SD onset (Van Harreveld and
Malhotra 1967).

Our ssEM analyses revealed profound ultrastructural changes
at the onset of the neuronal cytotoxic edema triggered by a
global ischemia-induced SD. There is a continuous spectrum
of SD waves characterized by common biophysical features
ranging from the long-lasting detrimental events under severe
ischemia to short-lasting harmless events in the healthy brain
(Dreier 2011; Dreier and Reiffurth 2015; Hartings et al. 2017). It
is conceivable that some of our ultrastructural findings such
as dendritic swelling/beading are common along the entire
spectrum of SD waves, including short-lasting normoxic SDs
observed in intact, normally perfused brain. Indeed, dendritic
beading with a transient spine loss during normoxic SD seen
with in vivo 2PLSM (Takano et al. 2007; Steffensen et al. 2015;
Sword et al. 2017) implies those same ultrastructural alterations
as in the present study could be brought on by normoxic
SD. Indeed, transient swelling of dendritic profiles during
normoxic SD was observed in electron micrographs prepared by
freeze-substitution (Van Harreveld and Khattab 1967). Whether
normoxic SD triggers mitochondrial swelling and fragmentation
deserves further study.

Our ssEM analyses revealed that all dendrites in the SD group
were swollen with a different degree of beading amplitude,
reflecting the differences in their initial size. Indeed, small
diameter dendrites with a small surface area necessitate larger
beading amplitude for a shape transformation to yield a similar
increase in a volume than bigger dendrites with a larger
surface area (Budde and Frank 2010). Beads often contained
electron-lucent watery cytoplasm and disrupted microtubule
arrays. Depolymerization of microtubules could result from
a massive calcium influx during SD (Dietz et al. 2008). Still,
excessive water influx might be a primary triggering mechanism
of the microtubule disruption (Hoskison and Shuttleworth
2006). Uncontrolled polymerization of monomeric globular
actin during energy deprivation (Atkinson et al. 2004) may
lead to accumulation of filamentous actin within dendritic
beads (Gisselsson et al. 2005), but we were unable to efficiently
visualize the actin filament network due to the small size
of microfilaments and their sensitivity to aldehydes fixation
(Svitkina 2016).
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Previously, we showed that SD-induced dendritic beading
was not prevented with pharmacological inhibition of actin
polymerization and blockade of microtubule depolymerization
(Steffensen et al. 2015). These findings supported the concept
that beading may result entirely from excessive water influx,
but pyramidal neurons do not express functional membrane-
bound aquaporins (Papadopoulos and Verkman 2013) and are
largely water-impermeable under acute osmotic stress (Andrew
et al. 2007). Therefore, it is unlikely that rapid dendritic beading
during SD occurs as a simple osmotic event following a net gain
of excess electrolytes in the neuronal cytoplasm. Quick water
translocation by select neuronal chloride cotransporters as a
consequence of the altered electrochemical gradients during
SD emerged recently as an attractive mechanism that could
explain, at least in part, rapid water influx into depolarized pyra-
midal neurons lacking aquaporins (Steffensen et al. 2015; Sword
et al. 2017). Voltage-dependent Cl− influx through SLC26A11
channels contributes to the onset of neuronal cytotoxic edema
(Rungta et al. 2015), but the mechanism of water entry after
SLC26A11 activation remains an enigma. It should be pointed
out that even without SD, severely metabolically compromised
neurons eventually swell due to the cation influx driven by
Gibbs–Donnan forces (Somjen 2004; Dreier et al. 2013; Kirov
2014) and insufficient cation outflux caused by impaired ATP-
dependent sodium and calcium pumps. However, such swelling
will occur at a slower rate over minutes as compared with rapid
(<6 s) SD-induced beading (Zhang et al. 2005; Risher et al. 2010;
Sword et al. 2013).

The majority of dendrites recovered their shape after
reperfusion and repolarization. Without a route for passive
water efflux through aquaporins, the mechanism of recovery is
unknown. It is conceivable that following the return of Na+/K+-
pump function and regain of physiological ion gradients, neu-
ronal cotransporters could contribute to recovery together with
N-acetyl-L-aspartic acid molecular water pump (Baslow et al.
2007; MacAulay and Zeuthen 2010; Gagnon et al. 2013). Dendrites
in the Recovery group contained uniformly spaced microtubules
reassembled into normal axial arrays, and microtubule density
was similar between Sham and Recovery groups. This finding
is in agreement with our previous study demonstrating a
remarkable ability of the dendritic microtubules to repolymerize
within just a few minutes after complete disassembly (Fiala et al.
2003).

It is noteworthy that SD also generates new concentration
gradients of Na+, Cl−, and K+ across an intact blood–brain bar-
rier (BBB), thus creating the driving force for extracellular ionic
edema immediately following cytotoxic edema (Dreier et al.
2018). Driven by new electrochemical gradients, Na+ and Cl−
ions enter extracellular space from the intravascular compart-
ment creating an osmotic gradient leading to the influx of
water across BBB. Furthermore, recent evidence suggests that an
inverse neurovascular response to SD, that is, vasoconstriction
(Dreier et al. 1998; Dreier 2011) also contributes to the ionic
edema by opening the glymphatic pathway for an influx of Na+
and water from the cerebrospinal fluid to the brain parenchyma
(Mestre et al. 2020). Additionally, SD seems to contribute to the
vasogenic edema that slowly develops a few hours after the ionic
edema in the ischemic brain (Kang et al. 2013; Knowland et al.
2014; Sadeghian et al. 2018).

Previous in vivo 2PLSM studies revealed that SD might be a
mechanism implicated in rapid distortion and loss of dendritic

spines (Murphy et al. 2008; Risher et al. 2010). However, fast
spine recovery (<3 min) after the passage of SD (Risher et al.
2010) suggested that some spines had merely retracted or been
overwhelmed by swelling and then reappeared when beads
shrank. These observations raised a key question about the
fate of spine synapses when spines disappear. SsEM analyses
revealed that many dendrites in the SD group were receiving
synaptic contacts at swollen parts of their shafts and that the
density of these shaft synapses was significantly higher than in
Sham and Recovery groups. The overall density of all synapses
was unchanged. Importantly, the postsynaptic dendritic mem-
branes remained attached to the presynaptic axonal boutons
explaining the ability of spines to disappear and reappear in the
same locations as was observed with 2PLSM (Murphy et al. 2008;
Risher et al. 2010; Zhu et al. 2017).

New spines form on mature neurons within minutes after
slice preparation (Kirov et al. 1999) or during recovery from cold-
induced dendritic beading (Kirov et al. 2004), after transient
anoxia-hypoglycemia in vitro (Jourdain et al. 2002), or during
recovery from 20 min of transient BCCAO in vivo (Zhu et al.
2017). Such synaptogenesis on mature dendrites often occurs
via filopodia and immature stubby spines (Petrak et al. 2005).
However, the frequency of filopodia and stubby spines was not
different between Sham and Recovery groups, indicating the
lack of synaptogenesis during recuperation from SD-induced
cytotoxic edema under our experimental conditions.

SsEM analyses revealed profound mitochondrial swelling and
fragmentation within 4 min of SD onset. It is conceivable that
mitochondrial fragmentation involves rapid fission-like events.
Long filamentous mitochondria detected in dendrites of Sham
mice appeared in the form of MOAS in the SD group. Previously,
MOAS were found in hypoxic, Alzheimer’s disease, and aging
brain (Zhang et al. 2016; Morozov et al. 2017) and were suggested
to emerge in response to the energy depletion as a result of
the fission arrest at the final steps of the fission process. In
our study, the presence of MOAS and globular mitochondria
that appeared previously interconnected implies ongoing fis-
sion. Excessive fission leads to mitochondrial fragmentation
and release of proapoptotic factors triggering cell death (Chan
2012). It is conceivable that fragmentation was triggered and
facilitated by SD either as a result of membrane permeability
transition (Liu and Murphy 2009; Brenner and Moulin 2012), or
disruption of mitochondria dynamics (Rugarli and Langer 2012),
or both. Water accumulation during SD may also contribute to
mitochondrial collapse and swelling (Greenwood et al. 2007).
Future experiments are warranted to address these important
questions.

The reoccurrence of tubular mitochondria in the majority of
the dendrites in the Recovery group was remarkable. These find-
ings are in agreement with intravital 2PLSM imaging, showing
that fragmented mitochondria are capable of recovering after 5
min of transient BCCAO (Kislin et al. 2017). However, recovery
was incomplete after more prolonged 8 min of occlusion. Full
neuronal recuperation from SD is possible up to a certain point
in time, termed the commitment point (Somjen 2004; Dreier
2011; Hartings et al. 2017). After the commitment point for cell
death is reached, neurons will die, even if repolarization from
SD is possible (Higuchi et al. 2002). Excessive mitochondrial
fragmentation could be a subcellular mechanism that marks the
switch between life and death during recovery from prolonged
SD, and this question requires further investigation.
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Conclusions and a Brief Outlook
Regarding the clinical relevance of our findings, it could be
emphasized that SDs recorded in real-time over newly develop-
ing cerebral infarcts in patients (Luckl et al. 2018) share essen-
tial features with SDs recorded in the ischemic core of rodent
models of focal (Oliveira-Ferreira et al. 2010; Risher et al. 2010)
and global ischemia (Risher et al. 2012) such as in the present
study. In particular, this includes the enormous prolongation of
the negative component of the DC shift in parallel with long-
lasting perfusion deficits. In this sense, our ultrastructural data
provide insight into the cellular events associated with onset
and recovery from SD-induced neuronal cytotoxic edema and
associated destruction of synaptic circuitry. Dendritic swelling
was accompanied by the enormous increase in the density of
shaft synapses, indicating that some dendritic spines were over-
whelmed by swelling or merely retracted. The overall density
of synapses was unaffected by SD, and all synaptic connec-
tions were preserved, likely providing a substrate for recovery
of somatosensory function and ECoG activity during reperfu-
sion and repolarization when swollen dendrites shrank. Den-
dritic mitochondrial fragmentation develops during SD, which
agrees with the previous report of mitochondrial fragmentation
within minutes of injury (Kislin et al. 2017). Reperfusion was not
associated with exacerbation of mitochondrial fragmentation or
dendritic damage and was associated with a nearly complete
recovery of dendritic ultrastructure. Dendritic recuperation from
swelling and reversibility of mitochondrial fragmentation during
reperfusion and repolarization suggests that future treatments
to improve tissue perfusion should be combined with therapeu-
tic interventions to minimize the probability of SDs and facilitate
recovery of the mitochondrial organelle.
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