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Abstract

Background/objective: Spreading depolarization (SD) has been identified as a key mediator 

of secondary lesion progression after acute brain injuries and clinical studies are beginning 

to pharmacologically target SDs. While initial work has focused on the N-Methyl-D-aspartate 

receptor (NMDAR) antagonist ketamine there is also interest in alternatives that may be better 

tolerated. We recently showed that ketamine can inhibit mechanisms linked to deleterious 

consequences of SD in brain slices. The present study tested the hypothesis that memantine 

improves recovery of brain slices after SD and also explored the effects of memantine in a clinical 

case targeting SD.

Methods: For mechanistic studies, electrophysiological and optical recordings were made from 

hippocampal area CA1 in acutely prepared brain slices from mice. SDs were initiated by 

localized microinjection of K+ in conditions of either normal or reduced metabolic substrate 

availability. Memantine effects were assessed from intrinsic optical signals (IOS) and extracellular 

potential recordings. For the clinical report, a subdural strip electrode was used for continuous 

electrocorticographic recording after surgical evacuation of a chronic subdural hematoma.

Results: In brain slice studies, memantine (10–300μM) did not prevent initiation of SD, but 

impaired SD propagation rate and recovery from SD. Memantine reduced DC shift duration and 

improved recovery of synaptic potentials after SD. In brain slices with reduced metabolic substrate 

availability, memantine reduced evidence of structural disruption after passage of SD. In our 

clinical case, memantine did not noticeably immediately suppress SD, however it was associated 

with a significant reduction of SD duration, and a reduction in the ECoG suppression that occurs 

after SD. SD was completely suppressed with improvement in neurological examination with the 

addition of a brief course of ketamine.
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Conclusions: These data extend recent work showing that NMDAR antagonists can improve 

recovery from SD. These results suggest that memantine could be considered for future clinical 

trials targeting SD, in some cases as an adjunct or alternative to ketamine.
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INTRODUCTION

Spreading depolarization (SD) was described long ago as a profound wave of depolarization 

that transiently silences brain activity1,2 but the phenomenon has only recently been 

identified as a key contributor to the secondary progression of a range of brain injuries.3 

SD causes excitotoxic Ca2+ loading that is sufficient to rapidly injure metabolically 

compromised neurons4,5 and also leads to damaging spreading ischemia in injured brain6,7. 

SD can occur intermittently for days following the onset of stroke or brain trauma. This 

extended time course raises promising new opportunities for treatment, as SD can be 

recorded and potentially targeted in the intensive care unit8–10.

Clinical efforts to target SDs have been influenced by experience with sedatives used in the 

intensive care unit (ICU). Thus the dissociative anesthetic ketamine emerged a candidate 

treatment for SD, based on its mechanism of action and in vitro studies11–14, as well as 

clinical retrospective analyses15 and case reports16,17. A recent prospective pilot clinical 

trial established the ability of ketamine to inhibit SD in severe traumatic brain injury or 

subarachnoid hemorrhage18. Ketamine targeting of SD is now being considered in a number 

of centers10 and larger ketamine trials assessing long-term outcomes appear warranted10. 

Despite its promise, ketamine’s side effect profile19 may limit its use to target SD in 

conscious patients outside of the ICU setting. For example, SD has recently been implicated 

in fluctuating neurological deficits in subdural hematoma20 and in these conscious patients 

hallucinations and anxiety produced by ketamine are likely to be limiting.

Memantine is a use-dependent antagonist of N-Methyl-D-aspartate receptors (NMDARs) 

that is approved for use in patients with moderate to severe dementia of the Alzheimer’s 

type, and is generally well tolerated21,22. Memantine has previously been demonstrated 

to inhibit the onset of SD in rodent neocortex23, brainstem24 and isolated chick retina25. 

It is also used in the prophylaxis of migraine with aura, whose underlying mechanism 

is SD26–28. The ability of memantine to improve recovery after SD is not well studied, 

particularly in compromised brain where SDs are generally more resistant to inhibition by 

NMDA antagonists29 Further, the potential of memantine to target SD in different brain 

injury conditions involving SD remains to be tested.

The goal of this study was to examine whether memantine might have potential as an 

intervention to improve outcomes after SD in injured brain. We tested the hypothesis 

that memantine improves recovery from SD in brain slices, including using recording 

conditions that model aspects of brain injury. These mechanistic studies were complemented 

by an initial demonstration using memantine in a clinical case with SD monitoring. Our 
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observations support future prospective trials of memantine targeting of SD in a range of 

injury and neurological conditions.

METHODS

Animals and brain slice preparation

All animal procedures were performed in accordance with protocols approved by the UNM 

Health Sciences Center Institutional Animal Care and Use Committee. Brain slices were 

prepared from C57Bl/6 mice (6–8 weeks age) purchased from The Jackson Laboratory and 

Charles River Laboratories. Brain slices were prepared as previously described14. Briefly, 

animals were deeply anaesthetized with a ketamine-xylazine mixture and decapitated. Brains 

were quickly removed into ~150mL of oxygenated ice-cold cutting solution (in mM): 

sucrose, 220; NaHCO3, 26; KCl, 3; NaH2PO4, 1.5; MgSO4, 6; glucose, 10; CaCl2 0.2; 

equilibrated with 95% O2/5% CO2 supplemented with 0.2mL ketamine (100mg mL−1) 

to limit excitotoxicity during the cutting procedure. Ketamine washout and availability of 

NMDARs has been confirmed previously30. Coronal cortico-hippocampal slices (350μm) 

were prepared with a vibratome and hemisected. Slices were transferred to artificial 

cerebrospinal fluid (aCSF; containing (in mM): NaCl, 126; NaHCO3, 26; glucose, 10; KCl, 

3; CaCl2, 2, NaH2PO4, 1.5; MgSO4, 1; equilibrated with 95% O2/ 5% CO2), at 35°C for 60 

min. After this recovery period aCSF was replaced with chilled (20°C) aCSF and allowed to 

equilibrate to room temperature for 30 min prior to recording sessions.

Generation of SD and metabolic compromise in brain slices

Individual brain slices were transferred to a submersion recording chamber with nylon slice 

supports (RC-27, Warner Instruments, Hamden, CT). Moderate metabolic compromise was 

achieved by inverting the slice support and reducing superfusion of aCSF below the slice, as 

previously described14. For all recordings, slices were continuously superfused with aCSF 

at 2–2.4mL min−1 and bath temperature was maintained throughout experiments at 32°C 

by an inline heater assembly (TC-344B, Warner Instruments). This recording temperature 

was chosen because it improves viability for brain slice studies and allows for comparison 

with the body of brain slice SD literature recorded at similar temperatures from different 

groups31–34. To facilitate testing the effects of drug application onrepetitive SDs, aCSF was 

replaced with modified aCSF containing 8mM KCl ([K+]-aCSF) after slice and electrode 

placements and continued throughout the recording14. Following 15 minutes of warm up 

and equilibration, SD was generated in the hippocampal stratum radiatum of CA1 by 

localized microinjection (10–50ms, 30psi) of KCl (1M) via a glass micropipette (1.8–6 

MΩ) using a picospritzer (Parker Hannifin, OH, USA). In experiments testing repetitive 

SDs in the standard recording chamber (Figures 1–3), each SD was generated (via KCl 

focal microinjection) at 15 minutes intervals to allow for recovery from the SD wave 

between events. Two control SDs prior to drug application were generated to enable in-slice 

comparison of SD characteristics. After the second control SD, memantine was washed in 

for 10 minutes prior to the next SD stimulation. For tests on memantine on preparations with 

reduced of metabolic substrate availability, (Figure 4), single SDs were generated in each 

preparation due to the lack of recovery (and thus ability to generate repetitive SD events) in 

these conditions.
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Brain slice electrophysiology and imaging

Extracellular recordings were made using glass microelectrodes filled with aCSF (tip 

resistance 1.8–6MΩ) placed at a depth of 50μm in the CA1 stratum radiatum >200μm 

from the KCl micropipette. Extracellular DC potential was acquired at 1 kHz with an Axon 

MultiClamp 700A amplifier and Clampex 9.2 (Molecular Devices, Sunnyvale, CA), and 

digitized with a Digidata 1332 digitizer. For extracellular excitatory postsynaptic potential 

(EPSP) recordings, a concentric bipolar electrode (FHC) was positioned 50μm deep into the 

CA1 stratum radiatum between the KCl micropipette and recording electrode for stimulation 

of Schaffer collateral inputs. After electrode placements, slices were allowed to equilibrate 

for 15 min during which an input-output curve was generated. Test pulses were delivered 

at intensities that gave 50–60% of maximum EPSP responses (150 – 600μ, 50μs, 0.1Hz). 

Responses were recorded at 10kHz and SD was generated after stabilization of baseline 

EPSPs. All analyses were performed using Clampfit 10.4 software and DC shift durations 

during SD were measured as the width between 20% of the initial downward deflection of 

the peak amplitude to 80% of recovery to baseline levels.

SD initiation and propagation were examined IOS generated by trans-illuminated with 

visible light (≥600nm) and recorded using a 4x objective (Olympus 0.10 NA). Signals were 

captured (0.5Hz, 2Hz) using a cooled CCD camera (TILL IMAGO CCD Camera, Sensicam 

PCO) and analyzed with TillVision software (TillPhotonics, version 4.5). Data analysis 

involved normalizing to baseline transmitted light and expressing IOS as percent change in 

transmission (ΔT/T0 × 100).

Reagents

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise 

stated. Memantine-HCl (Sigma M9292) was prepared as a 100mM stock in deionized water 

and stored in aliquots at −20°C until daily use.

Clinical recordings

Clinical SD recordings were performed using a 1×6 electrode (Auragen platinum electrode, 

Integra Life Sciences, Princeton NJ) connected to a full band DC amplifier and 

data management system (Moberg component neuromonitoring system, Ambler, PA) as 

previously published9. Strip electrodes are placed as standard clinical care to direct therapy 

for seizure and SD at our institution. Data were collected and stored with prospective 

informed consent under local IRB (UNM HRPO #17–297). DC ECog was reviewed for 

both seizure using standard neuromonitoring as spreading depolarization as previously 

reported35. These were recorded in real time in order to assist in clinical management.

After scoring all SDs, a single channel was used for further analysis to decrease variability 

of DC shift and depression duration. Each DC shift was scored for total duration, maximum 

amplitude, and depression duration of high frequency activity if measurable.

Data analysis

All data analyses and statistical tests were performed using GraphPad Prism 8.4.3. Unless 

otherwise stated, all data are represented as mean ± SEM. One way repeated measures 
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ANOVA with Bonferroni correction for multiple comparisons was used in Figures 1 and 2. 

Based on those findings (that maximum effects of memantine were achieved by the third 

SD in memantine), paired t-tests were used for Figure 3 analyses. One-way ANOVA with 

Bonferroni correction for multiple comparisons was used in Figure 4. Two-tailed paired 

t-tests were used to analyze SD characteristics before the first dose of memantine compared 

to those after memantine treatment in a clinical case study. P values <0.05 was considered 

significant.

RESULTS

Memantine slows SD and reduces DC shift duration

Memantine exposures (up to 300μM) did not prevent initiation of SD in any preparation 

(data not shown), but reliably slowed propagation rate. Figure 1A shows an example of 

slowed progression of SD in 100 μM memantine, compared to the control SD within the 

same slice. Figure 1B demonstrates that significant effects took time to develop during 

acute memantine exposures. The first SD in memantine (Mem1) was not significantly slower 

compared to controls (P=0.16). The maximum effect was achieved during the 2nd SD in 

memantine (Mem2), with no change in rate between Mem2 and Mem3 (p=0.16). When 

slices were pre-exposed to memantine prior to recordings (≥ 3 hours), SD propagation rates 

were immediately slower and did not require successive SDs to achieve the maximum effect 

(Figure 1C). Figure 1D shows recovery following memantine washout.

Figure 2A demonstrates effects of memantine on the characteristics of DC potential shifts 

recorded during SD. Consistent with effects of other NMDAR antagonists4 12 14, the most 

significant effect of memantine was on the duration of SD, and in particular the late phase 

of the DC shift present after passage of the wave front. Like the effects on SD propagation 

rate (Figure 1), maximum effects of memantine effects required either repetitive SDs (Figure 

2B) or extended pre-exposures prior to recordings (Figure 2C,). Figure 2D shows recovery 

after memantine washout. There was a 13.1% decrease in peak SD amplitude, comparing 

control and the third SD recorded in memantine (6.93 ± 0.78 vs. 6.025±0.86mV, control and 

memantine respectively, P=0.0080). This is attributed in part to run down of SD amplitude 

with successive SDs, being similar to decreases described in time control studies conducted 

in parallel and reported previously14.

Memantine accelerates recovery of postsynaptic potentials after SD

To determine the physiological significance of shorter extracellular DC shifts, we monitored 

adenosine-A1 receptor (A1R) -mediated suppression of EPSPs as a read-out of the metabolic 

demand of SD36,37. Memantine accelerated recovery of EPSPs. Figure 3A shows a 

representative time course of EPSP recovery in control conditions SD and then following 

memantine exposure in the same slice. As for figures 1B and 2B, three successive SDs 

were generated in memantine to generate a maximal effect of the antagonist. Mean data 

from such experiments are shown in the right panel of Figure 3A demonstrating the 

acceleration of EPSP recovery by memantine in each slice (P= 0.0008, n=6). Time control 

studies conducted in parallel confirmed that the change in recovery time was an effect of 

memantine, rather than spontaneous changes occurring during the series of SDs (n=5). In 
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the same preparations, shorter DC durations were correlated with shorter durations of EPSP 

suppression (Figure 3B). This results show that memantine accelerates recovery of normal 

synaptic transmission in the wake of SD.

Memantine improves recovery after SD in vulnerable brain slices

We next examined whether memantine can improve recovery from SD in metabolically 

vulnerable brain slices. The experimental approach was as described recently using partial 

reduction in metabolic substrate availability by restriction of aCSF flow under brain slices 

(see Methods). This partial metabolic compromise does not spontaneously initiate SD but 

greatly impairs recovery after SD14. In the current study we selected intrinsic optical signals 

(IOS) as a robust measure of recovery, as described previously for ketamine14 IOS decreases 

after SD in metabolically compromised conditions have been attributed to a combination 

of factors, including dendritic disruption and swelling of intracellular organelles38 39 and 

persistent astrocyte swelling observed in vulnerable tissues could also contribute40 (Figure 

4 shows that under control conditions, a prominent IOS increase is observed that recovers 

towards baseline. In contrast, SD in metabolically compromised conditions was invariably 

followed by sustained IOS decreases (~25% ΔT/T0; Figure 4A&B) that could be attributed 

to injury (see Discussion). Memantine (100μM, ≥3 hours pre-exposure) effectively prevented 

decreased IOS signals, consistent with improved recovery from SD under these conditions.

Memantine administration is associated with apparent improvement on SD morphology in 
a human subject

Following brain slices observations, we tested the feasibility of targeting SD in clinical 

settings. Figure 5 shows results from a case of a 72 year old male reported to have had a 

ground level fall one month prior to presentation. He was found to have large bilateral mixed 

density chronic subdural hematoma (Figure 5A), left greater than right with progressive 

right sided weakness and headache. He was taken to the operating room for evacuation 

of both hematomas via burrholes with normalization of his neurological examination after 

surgery despite a small amount of residual hematoma. On postoperative day #3, he was 

found to have right-sided weakness despite no significant change in imaging. A short-term 

EEG showed no evidence of seizure. Given the residual hematoma on the left, and lack 

of other explanation for the deficit, the patient was taken for re-do evacuation with a 

small craniotomy and placement of ECoG electrode in order to monitor for seizures or 

SD given recently published findings (Figure 5B)20. He was found to have frequent SD 

and clusters of SD with progressively worsening weakness and mental status. The ECoG 

recordings were reviewed and integrated in to the multidisciplinary care of the patient. 

Due to these concerning findings, the patient was started on memantine 30 mg enterally 

BID on POD 2 from the second surgery. We are increasingly treating symptomatic patients 

with SD ketamine based on previous published data at our institution. In patients who 

are not intubated, we have started using memantine as an alternate agent without risk of 

respiratory suppression. This high dose is based on a published RCT in moderate TBI 

patients (Mokhtari, 2018) and preclinical data showing efficacy against SD. Figure 5C 

shows analysis of SDs recorded prior to initiation of memantine followed by SDs in the 

presence of memantine alone. In the 37 events recorded on memantine alone, there was a 

significant decrease in the duration of SD events (Figure 5C), amplitude of individual events 
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(Figure 5D) and the duration of ECoG suppression following each SD (Figure 5E) compared 

to 39 events prior to memantine. These findings are in concurrence with the effects of 

memantine on the DC shift duration and synaptic suppression after SD observed in the brain 

slice model.

At the concentration tested, memantine alone did not abolish SDs and the patient further 

deteriorated, requiring intubation so a ketamine infusion was initiated (again as a clinically 

targeted therapy). Figure 5 shows the onset of ketamine infusion at 1mg/kg/h at which 

point SD stopped completely. The patient was also monitored with continuous EEG during 

this entire period. There were no seizures for the first two days of monitoring. There was 

one generalized seizure approximately 30 hours after starting memantine (prior to ketamine 

initiation), which initiated on the strip electrode and generalized to the surface electrodes. 

There were several additional brief seizures noted only on the strip and so the patient’s 

levetiracetam dosing was increased from 1000mg BID to 1500mg BID. All these events 

occurred after the patient deteriorated to the point of requiring intubation. Other findings 

from the EEG included periodic discharges and diffuse brain slowing.

The neurologic exam slowly began to improve over several days (Figure 5B) to following 

simple commands and symmetric motor examination. The ECoG strip was removed after 

two further days where no SD was noted. Memantine was stopped after 10 days with no 

notable clinical side effects and improving mental status. By 1-week clinic follow-up, the 

patient had returned to a normal examination (fully oriented and normal motor examination). 

The intent of this approach was to continue the more tolerable drug subacutely in hopes of 

avoiding any rebound effect after discontinuation of the ketamine.

DISCUSSION

The main findings of this study are that memantine can improve recovery from SD, and 

could be considered a candidate for future prospective clinical studies targeting SD in the 

ICU. In mechanistic studies in brain slices, memantine did not block SD, but significantly 

slowed SD and reduced DC shift duration. Importantly, memantine was shown to improve 

recovery as measured by IOS in metabolically vulnerable brain slices. Finally, an example 

of initial targeting of SD with memantine in a clinical setting showed results fully consistent 

with the brain slice studies. Thus, SDs recorded from a subdural hematoma patient were 

not immediately abolished by memantine, but the duration of SDs and the suppression of 

ECoG activity following SDs occurring in the presence of memantine were significantly 

reduced. These findings provide a basis for future clinical studies examining effects of 

targeting SD with memantine on neurological outcomes. They also raise the possibility of 

using memantine and ketamine in combination, using the advantages of each (potency for 

ketamine, tolerability for memantine) when clinically appropriate.

With the recent recognition of the involvement of SD in a range of clinical settings, there 

is much renewed interest in pharmacologic approaches to manipulate SD.10 Ketamine has 

emerged as a leading candidate, partly because of its efficacy use as a sedative in the 

ICU with patients undergoing monitoring for SD and associated case reports16,17 and 

a comprehensive retrospective analysis supporting efficacy in reducing the number of 
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SD events15. Preclinical studies11,12,14, and an initial prospective clinical study supports 

efficacy18, and there is currently an important larger clinical trial to evaluate efficacy of 

ketamine along with targeted physiologic interventions in subjects with severe traumatic 

brain injury undergoing surgical decompression. While suppression of SDs with ketamine 

is a very promising approach, it is appreciated that in some patient populations, ketamine 

may not be well tolerated. In addition, SD may have different roles across different spectrum 

of disease3 which has impact on the goals for treatment. A comatose patient at risk for 

secondary ischemic progression may require complete suppression to limit further damage 

and a sedating agent may be reasonable. In cSDH, the concern is usually that the SD is 

causing transient neurologic deficits which delay or impair recovery and rehabilitation and 

so this scenario generally requires an agent that would not further sedate the patient. The 

case we present here was an unusually severely affected subject who eventually required 

intubation due to these deficits, thus warranting the more aggressive approach with addition 

of ketamine, however the “typical” SD after cSDH are more sporadic20 and an agent such as 

memantine that would not sedate the patient, but improve recovery from SD and potentially 

suppress these sporadic events is worth testing further.

Memantine is well tolerated in elderly populations treated for dementia of the Alzheimer 

type41 and has been proposed as an attractive candidate for clinical translation for stroke 

treatment42. Preliminary data have also supported improving clinical recovery and neuron 

specific enolase levels after moderate traumatic brain injury43. Memantine is effective in 

reducing both aura and headache in migraine with aura, a condition where SD occurs26–28 

and previous preclinical data have also demonstrated a dose dependent suppressive effect 

of memantine on SD44. Like ketamine, memantine is an NMDAR antagonist, and our 

preclinical results here confirm that it is less potent than ketamine at inhibiting the initiation 

or propagation of SD. The time course of inhibition is similar to prior studies of NMDAR-

mediated synaptic currents, which identified a slow time course of 100 μM memantine 

inhibition (as well as recovery) of EPSCs.45 This suggests that memantine does not require 

the presence of large depolarizations in order to reduce the spread of SD but does not rule 

out the possibility of use-dependency of memantine block being contributed to by ongoing 

synaptic activity during long pre-exposures.

Memantine effectively reduced the duration of individual SD events, as measured by 

the extracellular DC potential shifts. The late phase of SD involves an unusual surge 

of damaging Ca2+ loading, as presynaptic terminals release a barrage of glutamate 

that coincides with sustained postsynaptic depolarization and release of Mg2+ block 

from NMDA receptors4. Reducing the duration of SD by memantine likely prevents 

this deleterious Ca2+ loading, and promotes recovery from SD. Figure 3B shows the 

correlation between the duration of extracellular DC shift duration and recovery of evoked 

synaptic potentials. With shorter DC potential shifts in memantine, accelerated recovery of 

postsynaptic potentials after SD is consistent with more rapid restoration of ionic balance, 

and thus reduced adenosine-mediated suppression of presynaptic release, to allow neurons 

to reengage more rapidly in coordinated communicative activity. In the clinical recordings, 

suppression of ECoG activity was used to monitor recovery of circuit activity, rather than by 

testing evoked synaptic potentials. However, ECoG in vivo is mediated in part by the same 
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adenosine A1 mechanisms as EPSP inhibition after SD46, allowing comparison of synaptic 

recovery in both preclinical and clinical studies (see below).

We exploited a brain slice model of metabolically vulnerable tissue to test protective 

effects of memantine. The model involves moderately restricting diffusion of metabolic 

substrates. This weakens the tissue, but unlike more common models of extreme metabolic 

depletion (such as complete anoxia or oxygen-glucose-deprivation) SD is not generated 

and evoked synaptic transmission can continue for hours without interruption. SDs evoked 

on this background of metabolic compromise lead to persistent suppression of synaptic 

transmission and other evidence of tissue stress or damage. As shown in Figure 4, one 

measure of deleterious outcome is persistent decreases in IOS after SD. IOS decreases 

after SD in metabolically compromised conditions have been attributed to a combination 

of factors, including dendritic disruption and swelling of intracellular organelles38,39 and 

persistent astrocyte swelling observed in vulnerable tissues could also contribute40. As 

shown here, memantine pre-exposure effectively prevented signs of impairment in the 

vulnerable conditions, similar to that previously reported with ketamine14. This is important, 

because it shows that overt SD suppression is not necessary for memantine to have a 

predicted protective effect, by improving recovery from SD.

The clinical case illustrates the close temporal association of SD with severe, reversible, 

non-epileptic neurological deficit after cSDH evacuation. The cause of SD in such cases 

is not known, but in the absence of ischemia, we hypothesize that the combination of 

mass effect and inflammatory changes from blood products and membranes is adequate 

to trigger these events. In the ~40 hours of treatment with memantine alone (i.e. prior to 

co-administration with ketamine), SD were not abolished but those SDs that were recorded 

showed a significant decrease in the DC duration, SD amplitude and ECoG depression 

duration as compared with SDs recorded in the absence of memantine. These observations 

are consistent with the main results of the brain slice studies, and suggest value of future 

prospective trials aimed at reducing deleterious effects of SD. These observations make 

memantine a potentially attractive agent in conditions such as cSDH where patients may 

have minor symptoms and minimally invasive treatments are emerging. Such therapies could 

potentially decrease the perceived need for surgical intervention if the symptoms could be 

improved while the cSDH resolves.

There are limitations to the study. The brain slice studies were conducted at 32°C, as 

is commonly utilized for studies of SD by different groups, and indeed many valuable 

mechanistic SD studies are conducted with slices at room temperature. Hypothermia 

reduces SDs47 and it is not yet known whether high recording temperatures will increase 

vulnerability to SD in the current model, and amplify (or reduce) effects of memantine. 

Intrinsic optical signals provide a straightforward method to assess disruption of slice 

integrity following SD, but they do not provide a direct measure of neuronal viability. Future 

studies would be required to directly test whether memantine prevents injury produced 

by SD in metabolically compromised tissues. With regard to our clinical observations, we 

acknowledge that these are very preliminary and alone do not provide evidence for the 

clinical use of memantine to target SD. Though we did not note seizures during the time 

the patient was deteriorating, the patient did ultimately have several seizures and so it is 
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possible that other electrophysiological events contributed to the deterioration. In addition, 

the optimal dose for memantine to target SD clinically is not known. It is proven safe 

at lower doses of 10mg BID for dementia and migraine, though potential additional risk 

of higher doses is unknown. Finally the natural history of the clinical recovery without 

the memantine or ketamine is unknown, and it seems likely that the co-administration of 

ketamine at later time points could underlie abolition of SD.

Conclusions:

Together, these data extend recent work showing that NMDA antagonists can improve 

recovery from SD, without outright blocking propagation of the events. These results 

suggest that memantine could be considered for future clinical trials targeting SD, in some 

cases as an adjunct or alternative to ketamine and that assessing characteristics of SD events 

should be assessed. In addition, memantine may be attractive in settings where outpatient 

therapy (such as minimally symptomatic cSDH) is needed.
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Figure 1: 
Effect of memantine on SD propagation rate. A: Representative images demonstrating 

electrode placements (KCl, Rec.) and changes in transmitted light during SD propagation 

in control (top panel) and in memantine (below, 3rd SD in mem) within the same slice. 

Arrowheads indicate the wavefront of SD, scale bar = 250μm. B: Summary data showing SD 

propagation rates during successive SD stimulations from three separate sets of experiments. 

Left: effect of acute memantine wash in (n = 6) on SD rate, filled symbols are values 

measured from the preparation shown in A. *** P<0.001 compared to the second control 

SD. Middle: slower propagation rates during the first SD following extended memantine 

exposure (≥ 3h, n = 5). Right: faster SD propagation could be observed following extensive 

memantine wash out (n = 6). **P<0.01 third SD in memantine compared to wash out.
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Figure 2: 
Memantine reduces SD duration. A. Example traces demonstrating the effect of memantine 

on DC shift duration during successive SDs in a single slice. Return to a biphasic waveform 

could be achieved following memantine wash out. Arrowheads indicate SD onset and double 

lines represent 15 minute intervals between successive SDs. B: Summary data showing 

effect on DC duration during acute memantine exposure (left, n = 10), following extended 

memantine treatment (middle, ≥ 3h, n = 6), and after memantine wash out (right, n = 

6). Filled symbols show DC durations from the same preparation shown in A. **P<0.01, 

***P<0.005,****P<0.0001 compared to second control SD; *P<0.05 third SD in memantine 

compared to wash out.
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Figure 3: 
Memantine accelerates recovery of postsynaptic potentials after SD. A: Left panel shows 

a representative time course of EPSP amplitude recovery after SD in control and then in 

memantine within the same slice. Mean data of 6 preparations (right) demonstrates that 

acute memantine exposure reduces the duration of synaptic depression after SD. B: Shorter 

DC durations during the third SD in memantine were associated with accelerated recovery 

of postsynaptic potentials compared to the control SD in the same slice. *** P<0.001
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Figure 4: 
Memantine protects against IOS decreases after SD in vulnerable brain slices. A: Left 

hand panel shows the arrangement of KCl and recording electrodes in transmitted light 

images from representative slices in the three experimental conditions: control, vulnerable, 

and vulnerable + memantine (>2h). Solid white boxes show the regions of interest (ROIs) 

positioned in CA1 stratum radiatum and used for analyses; s.r.: stratum radiatum, s.p.: 

stratum pyramidale, scale bar = 250μm. The white dotted box outlines the imaging area 

shown in subsequent panels demonstrating changes in intrinsic optical signals (IOS, light 

transmittance) at baseline (during KCl microinjection), during SD propagation (arrowheads), 

and at the 10-minute time point after SD. Right hand inset panels show transmitted light 
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images of each slice 10 minutes post SD. In control recording conditions (top row) SD led 

to a persistent IOS increase in stratum radiatum regions, consistent with full recovery in 

these nominally healthy conditions. In contrast, in the vulnerable conditions (middle row) 

there was persistent decrease IOS after SD, characteristic of lack of recovery. Pre-exposure 

to memantine (bottom row) prevented the decrease in IOS signal, consistent with improved 

recovery of SD in these metabolically compromised conditions. B: Average IOS traces (left; 

from n = 27 preparations) extracted from regions in CA1 (ROIs in stratum radiatum shown 

in A) during experiments shown in A. Summary data (right) confirm substantial decreases in 

CA1 light transmittance 10 minutes after passage of the SD wavefront in vulnerable slices 

(red symbols, n = 8) compared to control conditions (black symbols n = 8) with prevention 

by memantine pretreatment (>2h, white symbols, n = 11). ****P<0.0001
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Figure 5: 
Clinical management of patient with recurrent SD after chronic subdural hematoma 

evacuation. A: axial non-contrast CT scans demonstrating a large isodense/ mixed density 

chronic subdural hematoma (left panel, white arrow and outline). The center panel shows 

the result of the initial drainage with a small amount of residual blood product but improved 

mass effect (arrow, outline). The right panel demonstrates further decrease in residual 

volume after the second surgery with electrode placement. The inset shows the position 

of the electrode strip (white dots) on the lateral CT scout film. All these occurred prior to SD 

recordings. B: time course of neurological examination (Glasgow coma scale[GCS]),_SD 

frequency, and memantine and ketamine use during >100 hours of ECoG monitoring. Note 

that the GCS progressively deteriorated with recurrent SD and improved after cessation of 

SD. Overall rate of SD did not immediately decrease after memantine administration, but 

were completely abolished after initiation of ketamine. After ketamine was discontinued, 
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memantine was continued with only one isolated SD during the monitoring period. C, 

D: Box plots of C) DC duration and D) Depression duration before and after memantine 

administration in this subject. E: Example SD from this subject. This SD is from the single 

electrode where the events were most prominent. The top trace is the raw DC (direct current) 

trace, the bottom is the same data with 0.5–50Hz band pass filter to display the high 

frequency data only. Note the depression of the high frequency activity lasting ~10 minutes.
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