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Abstract

Neurobehavioral deficits emerge in nearly 50% of patients following a mild traumatic brain
injury (TBI) and may persist for months. Ketamine is used frequently as an anesthetic, analgesic
and for management of persistent psychiatric complications. Although ketamine may produce
beneficial effects in patients with a history of TBI, differential sensitivity to its impairing

effects could make the therapeutic use of ketamine in TBI patients unsafe. This series of

studies examined male C57BL/6J mice exposed to a mild single blast overpressure (mbTBI) for
indications of altered sensitivity to ketamine at varying times after injury. Dystaxia (altered gait),
diminished sensorimotor gating (reduced prepulse inhibition) impaired working memory (step-
down inhibitory avoidance) were examined in mbTBI and sham animals 15 minutes following
intraperitoneal injections of saline or R,S-ketamine hydrochloride, from day 7-16 post injury and
again from day 35-43 post injury. Behavioral performance in the forced swim test and sucrose
preference test were evaluated on day 28 and day 74 post injury respectively, 24 hours following
drug administration. Dynamic gait stability was compromised in mbTBI mice on day 7 and 35
post injury and further exacerbated following ketamine administration. On day 14 and 42 post
injury, prepulse inhibition was robustly decreased by mbTBI, which ketamine further reduced.
Ketamine-associated memory impairment was apparent selectively in mbTBI animals 1 h, 24
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h and day 28 post shock (tested on day 15/16/43 post injury). Ketamine selectively reduced
immobility scores in the FST in mbTBI animals (day 28) and reversed mbTBI induced decreases
in sucrose consumption (Day 74). These results demonstrate increased sensitivity to ketamine

in mice when tested for extended periods after TBI. The results suggest that ketamine may be
effective for treating neuropsychiatric complications that emerge after TBI but urge caution when
used in clinical practice for enhanced sensitivity to its side effects in this patient population.
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INTRODUCTION

Ketamine is used frequently in medicine as an anesthetic, analgesic and more recently for
treatment of depression and post-traumatic stress disorder. However, patients with a history
of TBI may demonstrate different responses to the neurological and behavioral effects of
ketamine. Administration of ketamine as an anesthetic during the peritrauma period has
been shown to reduce intracranial pressure (Chang et al., 2013; Zeiler et al., 2014) and
inhibit spreading depolarization (Carlson et al., 2018; Pacheco et al., 2019), two features that
are associated with poor outcomes after traumatic brain injury (TBI). However, ketamine
may be administered in the months to years following recovery from the initial injury to
attenuate neurological deficits or aid in managing the psychiatric symptoms that emerge in
44-50% of patients diagnosed with a mild traumatic brain injury (Halbauer et al., 2009;
Kalkstein et al., 2017; Scheenen et al., 2016; Vasterling et al., 2009; Zaninotto et al., 2016).
Although a single infusion of ketamine (0.5 mg/kg over a 40 minute period) is known to
cause rapid (within hours) remission of intractable symptoms of major depression including
suicidal ideation (DiazGranados et al., 2010; Zarate et al., 2006), the usefulness of this
treatment has not been formally tested in trials for depression in patients with a history of
TBI. This indication may see greater use after intranasal administration of S-ketamine was
approved for treating major depressive disorder by the US Food and Drug Administration in
March 2019. Other indications in the literature support the potential of ketamine to alleviate
post-traumatic stress disorder and chronic pain (Cohen et al., 2018; Hartberg et al., 2018).
As these disorders are frequently comorbid with and can exacerbate the negative behavioral
sequelae associated with TBI, there is an urgent need to assess the efficacy of ketamine for
treating these disorders in TBI patients.

Successful treatment of long-term neurobehavioral deficits and functional impairment after
mild TBI remains a significant unmet need for medicine. Although ketamine may be useful
at treating many psychiatric symptoms, it also has a significant profile of negative behavioral
and neurological side effects. It is not known whether TBI exposed subjects would be

more sensitive to either the beneficial or negative behavioral effects of ketamine. Indeed,
preclinical evidence indicates that anesthetic/sedative medications administered to subjects
immediately following TBI can adversely impact long-term recovery (Statler et al., 2006).
Furthermore, TBI may produce neurological or behavioral deficits that can be selectively
impacted by ketamine. Therefore, this series of behavioral investigations tested the following

Exp Neurol. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Browne et al.

METHODS

Animals—

Page 3

hypotheses: 1) that mice exposed to mild TBI induced by a single blast overpressure
exposure would exhibit greater sensitivity to a number of behavioral effects of ketamine

(at doses of 10, 20 and 30 mg/kg administered intraperitoneally (i.p.)) compared to their
sham controls and 2) that the greater sensitivity to ketamine would be retained throughout a
recovery period.

All experimental procedures were approved by the Institutional Animal Care and Use
Committee at the Uniformed Services University of the Health Sciences and conducted in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. A total of 84 male C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) age
eight weeks were housed four per cage and maintained in a humidity-controlled room with
food and water ad /ibitum, on a 12 h light dark cycle (lights on at 06:00). Detailed methods
are provided in the supplementary materials.

Experimental Design —

Cages were randomly assigned to the four experimental groups using an online random
number generator; (https://www.graphpad.com/quickcalcs/randomizel/. Group 1 — sham
saline, group 2 — sham ketamine, group 3 — mbTBI saline and group 4 — mbTBI ketamine
with n=12 per group. On each behavioral test day, mice were treated in accordance with
their group assignment. Ketamine’s initially impairing activity was screened in the context
of TBI using three behavioral endpoints; gait, prepulse inhibition and step-down inhibitory
avoidance. These behavioral endpoints were evaluated 15 minutes following ketamine
administration on day 7, day 14 and day 15 post injury respectively. The doses of ketamine
used in these assays were the threshold dose that induced impairment in healthy uninjured
animals, i.e., gait 10 mg/kg, prepulse inhibition 20 mg/kg, and step down avoidance 30
mg/kg administered i.p. The human dose equivalent is approximately 0.6, 1.6 and 2.4 mg/kg.
Subjects receiving ketamine for the indication of major depressive disorder are typically
administered 0.5 — 1 mg/kg intravenously over a 40 minute period (Fava et al., 2020;

Igbal and Mathew, 2020). It was hypothesized that injury animals would exhibit a more
pronounced effect of the drug relative to their healthy sham controls at these threshold
doses. To determine whether the longevity of increased sensitivity to the impairing effects
of ketamine was retained in animals, mice were again administered ketamine on day 35
and day 42 at the doses outlined above and screened on gait and prepulse inhibition
respectively. Mice were also screened on day 43 for behavioral performance in the step
down inhibitory avoidance but were not treated with ketamine on that day. Screening the
beneficial behavioral effects of ketamine 10 mg/kg occurred at one month post injury using
the forced swim test and 3 months post injury with the sucrose preference test. This dose is
known to reverse the behavioral effects of stress in mice (Autry et al., 2011; Zanos et al.,
2018). These assays were screened only once. Experimenters were blinded to both injury
and treatment groups. All animals survived for the duration of the experimental period. A
schematic of the behavioral testing procedure conducted post ABS or Sham exposure is
provided in Figure 1a.
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Mild blast traumatic brain Injury (mbTBI) —

Drugs —

Mice given a single exposure to the Advanced Blast Stimulator (ABS; ORA Inc.,
Fredericksburg, VA) were first anesthetized with 2.5% isoflurane and then received a short
duration shock wave (<10 msec, mean peak pressure 19.9 psi), as previously described
(Jaiswal et al., 2019; Russell et al., 2018). Sham animals that were anesthetized with 2.5%
isoflurane, placed in the ABS test chamber, and were not exposed to the shock wave

served as contemporary controls for TBI. All mice were immediately returned to their home
cage, placed upon a warmer (38°C), and monitored until they regained consciousness. The
duration of righting reflex suppression was evaluated during this time (Hamm, 2001; Russell
et al., 2018; Tucker et al., 2016) as the time it took for animals to return to an upright
position (forepaws touching the ground) and recorded as the time to right. This parameter
was used as a correlate of duration of unconsciousness due to the anesthetic and blast
exposure. Behavioral testing was initiated one week after the blast exposure.

R, S-ketamine hydrochloride (Mylan Pharmaceuticals, Henry Schein, NY, USA) was
dissolved in sterile 0.9% saline (Quality Biological, MD, USA). Doses were derived from
pilot data (not published) on assays that determined the appropriate impairing (measured
within 15 min of injection), or beneficial effect (assayed 24 h post administration) at the
lowest dose possible. Mice were administered either ketamine or saline via intraperitoneal
injection at an injection volume of 10 ml/kg.

Gait analysis —

Motor function and coordination following Sham or mbTBI exposure was evaluated on day
7 and day 35 using the DigiGait system (Mouse Specifics Inc.), following the previously
published method (Kwok et al., 2020). Ventral Plane Imaging Technology generated digital
paw prints and dynamic gait signals. Following a 5 min training session, mice were
administered ketamine (10 mg/kg) or saline and retested within 10 min of treatment at a
treadmill speed of 9 cm/s. An average of 12 + 4 steps were recorded for each mouse. Post
drug test scores were used for all groups. Alterations in dynamic stability were evaluated
across several parameters.

Prepulse Inhibition (PPI) —

The acoustic startle reflex was evaluated in three sound-attenuated chambers (SR-LAB-
Startle Response System, San Diego instruments, San Diego, CA). Testing was performed
on day 14 and day 42 post ABS or Sham exposure immediately following ketamine (20
mg/kg) or saline treatment. Each startle session consisted of a 10-min acclimation period in
the chamber, during which a 65 dB background noise was presented. A two block PPI test
session evaluated the ability of 20-ms white noise bursts at 69, 73, 77, 81, and 85 dB to
attenuate the startle response to a 40 ms 115 dB white noise pulse 100 ms after the prepulse.

PPI was determined using the standard metric for analysis PPI ratio = s”s_—b”’ =1- (%),

where sb is the animals baseline startle response to the acoustic stimulus alone and sp is
startle when preceded by a prepulse.
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Passive Avoidance —

The step-down inhibitory avoidance task was based on a previous publication (Sakaguchi
et al., 2006) with modifications and conducted on day 15 and 16 following exposure to
the ABS or Sham conditions. The apparatus consisted of a transparent Plexiglas chamber
plastic platform (mouse hut platform, Bio-Serv, Flemington, NJ) located on an electrified
grid floor (Bio-Signal Group, Brooklyn, NY). During training, an electric shock (0.5 mA)
was delivered for 2 s approximately 10 s following “step down”. Mice were then injected
with ketamine (30 mg/kg) or saline. Retention tests were performed 1 h, 24 h and 43 days
after treatment, during which the latency to “step down” onto the grid floor was measured.
An upper cut-off time of 180 s was set for the trial.

Forced Swim Test (FST) —

Antidepressant compounds reliably decrease immobility scores of mice (Lucki et al., 2001)
and ketamine has been shown to reduced immobility up to 24 h after administration (Browne
et al., 2018). Individual mice were gently placed in a cylinder (22 cm diameter) of water
(25°C % 1°C) for a period of 6 min. Immobility was defined as the absence of movement,
except those required to maintain the mouse’s head above water. Mice were tested 24 h
following the last of three saline or ketamine (10 mg/kg) injections, spaced every 48 h, on
day 28 post ABS. This injection regimen is more clinically relevant.

Sucrose Preference Test (SPT) —

Adapted from a previously published protocol, (Jacobson et al., 2020) mice were given

two overnight adaptation sessions to a two-bottle choice paradigm. One bottle contained a
1% sucrose solution (dissolved in water; Catalog # S5-500, Thermo Fisher Scientific, MD,
USA), and the other was filled with water. Mice were administered ketamine (10 mg/kg) and
tested for sucrose preference overnight on day 74 following ABS exposure.

Statistical analysis —

Graph Pad Prism 9 for Windows (Graph Pad Prism, La Jolla, CA) was used for all analyses.
Righting reflex was evaluated with a Mann Whitney test for non-parametric data. Weight
gain was analyzed with a repeated measures ANOVA with Dunnett’s multiple comparisons
to compare the effects of ABS and treatment over time. For all other variables two-way
ANOVA for ABS x treatment interactions were conducted, with Bonferroni multiple
comparisons used where appropriate. Based on power calculations, the inclusion of 12 mice
per group was required to achieve statistical significance with a power of 0.8, with alpha set
at 0.05 to detect type | errors. Data points were excluded from analysis if greater than two
standard deviations from the mean. Two outliers were excluded from the FST analysis, one
in the sham saline and one in the sham mbTBI group. Three outliers were excluded from the
SPT analysis.
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RESULTS

Righting reflex and weight gain —

The immediate physiological impact of the blast wave exposure was evaluated by measuring
the duration of the loss of the righting reflex caused by the ABS procedure and anesthesia.
Relative to the sham group (median of 54.5 s), the median time for ABS exposed mice to
right themselves was 107.5 s (U = 1, p = 0.001, sum of ranks, sham =79, mbTBI = 221),
Figure 1b, confirming a concussive blast phenotype in the ABS exposed mice.

All mice continue to gain weight over time after blast exposure, F (16, 48) = 17.23,p =
0.001, Figure 1c. Mice in the mbTBI-Saline group exhibited higher weight gain relative to
Sham-Saline controls during week 13 through 16 (p < 0.001).

Gait Analysis —
Mice were tested on day 7 after ABS exposure for the effects of ketamine on gait structure.
The results on a comprehensive set of movement test parameters are reported in Table 1.
The ABS produced significant changes in 8 of the 21 items. Acute exposure to 10 mg/kg
ketamine altered 16 of the gait parameters and there was a significant interaction between
ABS and ketamine on 4 items.

Analysis showed the impact of ABS was particularly strong on the forepaws, as significant
changes in increased forepaw stance duration, increased forepaw brake duration, reduced
forepaw swing duration, and increased forepaw stance/swing ratio. In addition, scores for
forepaw and hindpaw acceleration, paw placement position, overlap and symmetry were
reduced in mice exposed to ABS.

The acute administration of ketamine also produced a significant impact on movement
structure, including increased stride length, stride duration, stance duration and reduced
stride frequency. Reduced scores on gross measures such as paw placement position and
overlap distance may reflect overall dystaxia. Finally, there was a significant interaction
between ABS and ketamine on 4 movement measures. For stride length, stride duration and
stance duration were reduced by ABS, but animals exposed to the ABS procedure exhibited
greater stride length and duration or both stride and stance, which were significantly longer
after ketamine than those of saline treated controls. For gait symmetry reduced by ABS and
ketamine individually, values were not reduced further in mice that received both treatments
together.

Repeated testing of mice on Day 35 post ABS exposure (Table 2), showed general recovery
of most symptoms of movement impairment for both ABS and ketamine. Reduced scores
for overlap distance and gait symmetry remained for ABS. Also, ketamine increased propel
duration and brake duration, but did not change other movement symptoms.

Passive avoidance —

During training sessions on day 15 post injury, an effect of mbTBI on baseline performance
was evident (main effect of ABS F (1, 44) =5.795, p = 0.021, data not shown). Mice in the
mbTBI group stepped off the platform faster on average (71.13 s) than Sham controls (99.92
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s). The first recall test performed 1 h post shock indicated that ketamine impaired recall of
the shock exposure following mbTBI (ABS x ketamine interaction, F (1, 43) =4.079, p =
0.049, Figure 2a). Ketamine treated mbTBI mice, but not ketamine treated Sham animals,
stepped down from the platform (p<0.05). The amnesic effects of ketamine were retained in
mbTBI exposed mice at 24 h post treatment (ABS X treatment interaction F (1, 42), = 5.974,
p = 0.019, Figure 2b), where step down latencies remained lower relative to saline treated
mbTBI controls (p<0.01). When animals were retested on day 43 post injury, a significant
main effect of ABS exposure was evident F (1, 44) = 6.478 = 6.478, p = 0.015 (data not
shown).

There were no differences in baseline acoustic startle response between groups
(Supplementary Figure 1). For analysis, the average PPl in response to a 77-, 81- and 85-dB
pulse was evaluated. On Day 14, PPI was reduced by mbTBI (main effect of ABS F (1,

43) = 4.372, p = 0.025). Nevertheless, ketamine administration reduced PPI to a comparable
extent in Sham animals and mbTBI animals (main effect of ketamine F (1, 43) =9.432, p =
0.004, Figure 3a). However, when tested on day 42, the impairing effects of ketamine on PPI
were produced in mbTBI animals only (ABS x treatment interaction F (1, 44) =4.143,p =
0.048, Figure 3b.

When tested on Day 28, ketamine reduced immobility scores only in mbTBI exposed
animals relative to saline treated mice (p < 0.001), but not Sham animal, producing a
significant ABS x ketamine treatment interaction, F (1, 42) = 6.782, p = 0.0127, Figure 4a.

mbTBI animals, tested 74 days post injury, showed greater consumption of water (ABS

x treatment interaction, F (1, 41) = 5.62, p = 0.023, Figure 4b) relative to sucrose (ABS

x treatment interaction, F (1, 41) = 5.62, p = 0.023, Figure 4c). The reduced sucrose
preference in mbTBI animals was then normalized by ketamine administration when tested
24 h after injection.

DISCUSSION

The goal of this study was to evaluate whether mice showed altered responsiveness to

the behavioral effects of ketamine when tested at varying times after exposure to a single
mbTBI. When tested acutely (15 minutes after injection), ketamine showed a series of
impairing effects on gait/motor coordination, blunted sensorimotor gating and induced
amnesia that were more pronounced in mice that had been exposed to mbTBI. Despite these
negative consequences, when tested 24 h after injection ketamine was able to selectively
modulate behavior of mbTBI animals in the (FST) and reverse behavioral deficits in the
SPT, which has translational relevance as a measure of anhedonia. This interesting pattern of
findings support the continued investigation of ketamine and ketamine like therapeutics for
the treatment of neurobehavioral deficits that emerge in the time following blast injury.
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Gait impairment measures in mice translate well to evidence of neurological symptoms,

as 50% of patients with a TBI exhibit increased stance duration years following injury
(Niechwiej-Szwedo et al., 2007; Williams et al., 2009). Recapitulating these effects in mice
using blast overpressure, mice showed a loss of dynamic stability, exemplified by increased
time spent stabilizing stance, fewer strides on average, greater maximum paw area placed
on the treadmill over time and poor gait symmetry. Gait characteristics were assessed seven
days following injury, at a time when gross motor deficits were no longer evident (Vu et al.,
2018). In other studies, disruptions in motor function, detected by ambulatory measures such
as wheel running and general home cage activity, typically resolve within 72 h of the ABS
exposure (Vu et al., 2018). Few studies have explored gait characteristics following mild
TBI. However, data from a study utilizing a severe injury produced by open skull controlled
cortical impact (CCI) to a depth of 2 mm over the left parietal bone also reported increased
forepaw stance duration relative to sham controls 7 days post injury (Sashindranath et al.,
2015). Similar alterations in stance were reported in a severe CCl injury to a depth of 3 mm
over the right parietal bone (Teutsch et al., 2018). As anticipated, relative to blast injury,
CCI produced more impairment in hind limb measures of gait (Sashindranath et al., 2015;
Teutsch et al., 2018). These data suggest that craniotomy leads to greater impairment overall.
However, the consistent change in stance duration of the forepaws suggest that this gait
impairment is characteristic across mild to severe TBI phenotypes in rodents. Here, direct
measures of stance and stride recovered by day 35 post injury. However, persistent effects
of mbTBI were evident for overlap distance and gait symmetry, highlighting prolonged gait
impairment on sensitive measures post injury.

When tested after ketamine, the DigiGait data indicated that the mbTBI induced shuffling
gait was exacerbated. To our knowledge this is the first report to detail the effects of
ketamine on TBI induced alterations using this treadmill apparatus, although the dystaxic
effects of acute ketamine on gait has been previously reported in healthy adult mice (Vecchia
etal., 2018). In ABS exposed mice, the effect of ketamine was more pronounced and
produced more symptoms. For example, hind paw dynamic stability was impaired by
extending both the stride and stance duration. Combined with the ABS impact on forepaw
measures, ketamine produced greater overall motor impairment in the context of mbTBI.
Translation of these findings to patients with a history of mbTBI would suggest they be
monitored closely for the acute effects of ketamine on dynamic stability when administered
ketamine for treatment. Just as advised for elderly patients, patients with mbTBI receiving
ketamine treatments may require a longer period of time to recover from more intense
dystaxic effects after its administration.

Blast exposure may impair central auditory processing in human subjects, which causes poor
sensorimotor gating and impaired selective attention (Papesh et al., 2019). In the Papesh
study, self-reported measures of auditory and neurobehavioral status from both non-blast
and blast-exposed participants were evaluated in addition to a paired-click sensory gating
assay. The study established that a diagnosis of TBI was associated with deficits in sensory
gating at the level of the cortex and a diagnosis of post-traumatic stress disorder (PTSD)

was associated with poor habituation to startle (Papesh et al., 2019). Moreover, individuals
exposed to impact acceleration injury also exhibit impaired startle (Blouin et al., 2007;
Homayounpour et al., 2021). These data are of significant importance given the patient
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population of interest. It is also known that ketamine impairs prepulse inhibition in rats (Ma
and Leung, 2007; Suzuki et al., 2019) and mice (Chang et al., 2019) in a dose dependent
manner. The data presented in this manuscript document no difference in baseline startle of
animals but a robust reduction in PP1 when measured two weeks following ABS exposure.
This reduction was amplified immediately after ketamine treatment. Although the impact
of the blast itself on PPI diminished by day 42, these subjects remained more responsive

to ketamine even when challenged at this late time point post injury. In rats, a mild fluid
percussion injury, alone, and in combination with immobilization/shock stress decreased
startle and PPI four days after injury (Xing et al., 2013). This decrease in startle was

also reported in rats 21 and 28 days post fluid percussion injury (peak wave pressure

of approximately 19 PSI) (Pang et al., 2015; Servatius et al., 2016; Sinha et al., 2017).
Moreover, this blunting of startle responsivity is apparent in both male and female rats
(Avcu et al., 2019). Overall, models of mTBI seem to recapitulate the profile of impaired
sensorimotor gating exhibited by patients with a diagnosis of mild TBI. As ketamine is
increasingly prescribed off-label to treat symptoms of PTSD (Hartberg et al., 2018), greater
attention should be paid to patient history for comorbid mTBI, as the impairing effects on
startle may lead to poor compliance/drop out in studies overall.

Post traumatic amnesia following a mild TBI is a common problem reported in the clinical
literature. Predisposing risk factors include anticonvulsant medications, alcohol use and age
(Fotakopoulos et al., 2018; Meares et al., 2015). In this study, animals that experienced blast
overpressure, stepped down faster on average than Sham controls at baseline, suggesting
less behavioral inhibition in a novel and potential stressful environment. Both groups
demonstrated clear recall of the shock and remained on the platform for the duration of the
assay. However, only mbTBI mice exhibited the amnesic effects of ketamine at the threshold
impairing dose used. To our knowledge this is the first report of enhanced sensitivity to
ketamine’s amnesic effects following mbTBI. This finding is in agreement with an earlier
report which demonstrated increased sensitivity to the amnesic effect of the N-methyl-D-
aspartate (NMDA\) receptor antagonist MK-801 in rats exposed to fluid percussion injury
which persisted for at least 24 h (Hamm et al., 1994). Further research is warranted in
determining the underlying mediator of this enhanced sensitivity to glutamatergic agents
following mild TBI.

Clinical studies emphasize the emergence of apathy and depression following traumatic
brain injury (Green et al., 2021). Findings from the Transforming Research and Clinical
Knowledge in Traumatic Brain Injury (TRACK-TBI) study suggest that anhedonia was
one of the key predictors of poor Satisfaction with Life Scale scores during a 12-month
following up post injury (Agtarap et al., 2021). In this current dataset, deficits in
performance on behavioral tests related to negative affect and anhedonia in mice were
evaluated in two different behavioral tests assessed at one (FST) and three months (SPT)
post injury. A robust reduction in preference for sucrose in the SPT was produced by
mbTBI. Although, behavioral parameters in the FST were not modulated by mbTBI, the
effects on SPT are indicative of disturbed performance on affective tests, although other
interpretations remain to be ruled out. In contrast to the unchanged basal immobility scores
in the FST at day 28 post injury, a previous study which employed open skull controlled
cortical impact, reported elevated immobility scores 20 days after the initial mild (1.5 mm
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depth) moderate (2 mm depth) and severe (3 mm depth) injury (Washington et al., 2012).
Notably, at time points closer to the initial injury no change in FST immobility scores or
sucrose preference were evident in animals following a mild CCI (Tucker et al., 2017),
suggesting that these behavioral deficits may emerge later in recovery. It is therefore likely,
that if FST was evaluated at later time points, such as with the SPT, elevated immobility
scores may have been detected in the mbTBI group. However, fluid percussion injury does
not appear to augment immobility scores in the FST in rats even 133 days following injury
(Blouin et al., 2007; Lapinlampi et al., 2020). These differential effects of injury type and
injury severity on tests of anhedonia and affective state need to be further defined. Moreover,
these studies suggest that pharmacotherapeutic interventions related to depression should
preferentially be evaluated for the treatment of TBI induced neurobehavioral deficits at later
times post injury, starting at least 20 days post injury. The behavioral activity of ketamine

in rodent tests relevant to antidepressant effects is best measured 24 h after injection, long
after ketamine is eliminated from the body and the impairing effects of ketamine are no
longer evident (Browne and Lucki, 2013). In the context of mbTBI, ketamine selectively
reduced immobility in mbTBI animals in the FST and normalized mbTBI induced deficits
in SPT. These result are significant as they demonstrate the prolonged impact of mbTBI on
measures of anhedonia and the ability of ketamine to normalize aberrant behaviors following
mbTBI. The clinical significance of these data encourages the evaluation of ketamine for the
treatment of neurobehavioral deficits induced following TBI.

At present, few clinical studies that have interrogated the impact of ketamine on
neurobehavioral and psychiatric conditions or segmented patient responses to ketamine
according to a history of traumatic brain injury. Recent clinical evidence in a small

cohort of combat-injured service members treated with ketamine did not detect exaggerated
ketamine-related side effects based on TBI status (Kane et al., 2020). However, a more
diverse range of patients are required to confirm these observations. Only one other
randomized clinical trial evaluated the utility of ketamine in patients with head and eye
injuries and did not differentiate between the two groups on pain endpoints (Tran et al.,
2014). In terms of the side effect profile, more agitation was reported in ketamine treated
subjects relative to morphine treatment [9.5% difference (95% CI 4% to 16%) (Tran et

al., 2014). Retrospective assessment of PTSD in burned service members determined that
racemic ketamine administered intraoperatively following trauma may mitigate subsequent
development of symptoms (McGhee et al., 2008). This is important given the intimate
association between TBI and PTSD (Vasterling et al., 2018; Wisco et al., 2014; Zaninotto et
al., 2016). A similar study in trauma patients, indicated that ketamine administered during
the peritrauma period did not potentiate symptoms of PTSD at later time points (Highland et
al., 2020; McGhee et al., 2014; Mion et al., 2017). In a randomized control trial, low-dose
ketamine was shown to alleviate symptoms of PTSD within hours of infusion (Feder et al.,
2014). The rapid resolution of PTSD symptoms in adults and children following a single
dose of ketamine were reported to persist for over one week before the re-emergence of
symptoms (D'Andrea and Andrew Sewell, 2013; Donoghue et al., 2015). These data, along
with the unique capability of low-dose racemic ketamine to alleviate suicidal ideation in
patients with mood disorders (DiazGranados et al., 2010; lonescu et al., 2016), encourage
the continued investigation of this novel therapeutic for stress related disorders following
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TBI. Nevertheless, the stratification of patients according to their history of traumatic brain
injury could be an important predictor of side effects or therapeutic effects in future clinical
trials.

In interpreting the data some limitations of the experimental design should be considered.
Mice assigned to the two ketamine treatment groups received three i.p. injections of
ketamine per week for three weeks, followed by a two week break, then one injection

per week for two weeks followed by a final dosing one month later. It is possible that the
repeated dosing of ketamine could potentially impact behavior, producing a sensitization or
tolerance to its behavioral effects. Ketamine, administered by an intravenous, intramuscular,
or intraperitoneal route produces a similar pharmacokinetic profile. Plasma and brain levels
of ketamine peak within the first 5 minutes, the elimination half-life is relatively short
(2-4h) (Naidoo et al., 2019; Zanos et al., 2018) but can be extended upon repeated
administration (Zanos et al., 2018). Indeed, in subjects with major depressive disorder

twice and thrice dosing of s-ketamine extends the efficacy of treatment for up to 15 days
following the final treatment (Singh 2015). Typically, a single injection of ketamine i.p.
induces alterations in behavioral assays that last from 22 h to 1 week post injection (Browne
and Lucki, 2013). We utilized a clinically relevant thrice weekly injection paradigm of
ketamine prior to testing in the FST in this study. Using that paradigm, the duration of
ketamine’s activity on behavioral measures in the FST are extended from 24 h to 1 week
follow the final injection (unpublished data). These longer lasting effects of subanesthetic
doses of ketamine emerge after the elimination of ketamine from the body and are associated
with neuroplastic changes induced by a glutamate surge (Aleksandrova and Phillips, 2021).
However it should be noted that the extension of the duration of action of ketamine’s
beneficial effects does not necessarily mean an increased duration of action of the NMDA
receptor mediated side effect profile of ketamine. Sedation, dissociation, motoric impairment
and amnesia are only observed when ketamine is present a physiologically relevant doses.

It is also possible that the increased sensitivity to ketamine’s impairing side effect profile

is due to exacerbation of TBI associated pathology. The impact of ketamine of mbTBI
pathology is untested but should be considered in future studies. Based on recent published
data in the literature, it appears that subanesthetic doses of ketamine would not produce
pathological changes when administered alone. Indeed, ketamine administered twice weekly
did not induce alterations in vacuolization, necrosis (Olney lesions), microglia activity
(Ibal labelling), and astrogliosis (GRAP reactivity) (Morris et al., 2021), suggesting that
the increased sensitivity of mbTBI mice to ketamine is not due to exacerbation of TBI
pathology. However, the increased sensitivity to ketamine may be explained by an intrinsic
NMDA driven hyperexcitability of specific brain regions following TBI (Mayeux et al.,
2017; Verley et al., 2018). This hypothesis should be tested in future studies.

The duality of ketamine’s effects in an mbTBI background on measures of side effects and
affective response, urge balance when considering the use of ketamine clinically in patients
with TBI. Recent advances in psychiatric medicine provide a compelling rationale to test
the beneficial effects of ketamine on treatment-resistant depression and PTSD after TBI.
However, the results of motor, sensory and cognitive performance suggest that there may
also be increased responsiveness to the impairing effects of ketamine after TBI requiring a
more cautious approach to treatment.
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HIGHLIGHTS
Mild blast traumatic brain injury (mbTBI) enhances responses to ketamine.
Ketamine increased mbTBI induced impairments in dynamic gait stability.
Ketamine further reduced prepulse inhibition after mbTBI.

Selective ketamine-induced memory impairment was apparent in mbTBI
animals.

Ketamine reversed long term mbTBI deficits in sucrose consumption.
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Figure 1 —. ABS induced alterations in righting reflex and body weight gain.
The schematic in a outlines the study design, indicating the day post ABS or Sham exposure

at which the behavioral assays were conducted. All mice were anesthetized prior to the
placement in the ABS apparatus. Confirmation of the mbTBI phenotype was indicated by
an increased righting reflex latency (s) in b. Mice exposed to the ABS condition designated
mbTBI exhibited increased righting reflex latencies relative to Sham animals (*** denotes
ap <0.001). Weekly % weight gain throughout the experimental period is represented in c.
ABS - advanced blast simulator, PPI — prepulse inhibition, FST — forced swim test, SPT —
sucrose preference test, mbTBI — mild traumatic brain injury.
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Figure 2 —. Increased sensitivity to the amnesic effects of ketamine in mbTBI mice.
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Ketamine 30 mg/kg treatment in the mbTBI group impaired recall of a previous exposure to
an aversive stimulus (shock). Relative to saline mbTBI and ketamine treated Sham controls

1 h (p<0.05) a, and at 24 h post shock (p<0.01) b.
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Figure 3 —. Impaired sensorimotor gaiting in mbTBI and ketamine treated mice.
Decreased PPI was apparent in mbTBI animals on day 14 relative to Sham animals

(a; p<0.05). Both Sham and mbTBI animals exhibited reductions in PPI following
administration of ketamine 20 mg/kg (p<0.01) at this timepoint. In contrast, on day 42
post injury b, the ability of ketamine to reduce PPI was only apparent in the mbTBI group
(p<0.01).
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Figure 4 — The beneficial effects of ketamine are retained in mbTBI mice.

Performance in the forced swim test, a, was evaluated on day 28 post ABS exposure.
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Ketamine 10 mg/kg reduced immobility scores of mbTBI mice relative to their saline treated
controls (p<0.05). On Day 74 post ABS exposure, mbTBI was associated with a marked
reduction in sucrose consumption b and increase in water intake c relative to Sham controls
(p<0.05). This deficit was reversed following ketamine 10mg/kg administration (p<0.05).
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Table 1 —
Gait Analysis Day 7
Main effect of Interaction
Parameter Sham Saline | Sham ABS ABS ABS Ketamine
Ketamine Saline Ketamine
Stride length | Forepaw | 3.47 +0.09 3.86 £ 0.06 355+ 4.18 +£0.15 ns. F(1,94) = ns.
0.06 26.18,
p=0.001
Hindpaw | 3.69 +0.07 3.88 £ 0.07 3.50 £ 4.06 +0.07 n.s. F(1,94) = F(1,94) =
0.06 21.61, 5.04, p=0.027
p=0.001
Stride Forepaw | 2.82+0.17 2.38+£0.04 259+ 2.27+0.15 n.s. F(1,94) = n.s.
Frequency 0.06 17.6, p=0.001
Hindpaw | 2.54+0.05 2.38 £0.06 2.66 £ 2.27£0.04 n.s. F(1,94) = n.s.
0.07 21.26,
p=0.001
Stride Forepaw | 0.38 +£0.01 0.43+0.01 039+ 0.46 +0.02 n.s. F(1,94) = n.s.
Duration 0.01 26.31,
p=0.001
Hindpaw | 0.41+0.01 0.43+0.01 039+ 0.45+0.01 n.s. F(1,94) = F(1,94) =
0.01 21.67, 4.941,
p=0.001 p=0.028
Stance Forepaw | 0.27 +£0.01 0.29£0.01 0.29+ 0.35+0.02 F(1,94) = F(1,94) = ns.
Duration 0.01 10.25, 21.6, p=0.001
p=0.019
Hindpaw | 0.32+0.01 0.33+£0.01 0.29+ 0.35+0.01 n.s. F(1,94) = F(1,94) =
0.01 18.62, 4,122,
p=0.001 p=0.045
Propel Forepaw | 0.15+0.01 0.17+0.01 0.16 + 0.19+0.01 n.s. F(1,94) = n.s.
Duration 0.01 15.15,
p=0.002
Hindpaw | 0.25+0.01 0.25+0.01 0.23 + 0.25+0.01 n.s. n.s. n.s.
0.01
Brake Forepaw | 0.12 +0.01 0.12 £ 0.004 013+ 0.15+0.01 F(1,94) = F(1,94) = n.s.
Duration 0.01 7.50, 6.08, p=0.015
p=0.007
Hindpaw | 0.07 £0.01 0.09 £0.01 0.06 = 0.09 £0.01 n.s. F(1,94) = n.s.
0.004 22.45,
p=0.001
Swing Forepaw | 0.12+0.004 | 0.13 +0.004 0.10+ 0.12 £ 0.004 F (1,94) F(1,94) = ns.
Duration 0.003 =8.01, 12.81,
p=0.057 p=0.005
Hindpaw | 0.09 +£0.002 | 0.09 +0.001 0.09 + 0.10 £ 0.004 n.s. F(1,94) = ns.
0.002 7.264,
p=0.008
Stance/ Forepaw | 2.43 +0.09 2.40 + 0.08 29+0.15 | 3.1+0.15 F(1,94) = n.s. n.s.
Swing 19.46,
p=0.001
Hindpaw | 3.47 +£0.09 3.47 £0.09 331+ 3.48+£0.12 n.s. ns. n.s.
0.10
MAX dA/dT | Forepaw | 20.7 +0.88 243 +0.97 245+ 29.7+1.80 F(1,94) = F(1,94) = 14, ns.
(cm”2/s) 1.10 12.41, p=0.001
p=0.001

Exp Neurol. Author manuscript; available in PMC 2023 April 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Browne et al. Page 23
Main effect of Interaction
Parameter Sham Saline | Sham ABS ABS ABS Ketamine
Ketamine Saline Ketamine
Hindpaw | 53.5+2.16 59.11+2.23 51.35+ 51.68 +2.39 F(1,94) = n.s n.s
2.31 4.445,
p=0.036
Paw Placement Position 0.59 +0.04 0.45 + 0.06 037+ 0.23+0.07 F(1,94) = F(1,94) = n.s.
0.05 10, 7.964,
p=0.002 p=0.006
Overlap Distance 252 +0.14 1.67+0.16 1.5+0.14 | 0.97+0.16 F(1,94) = F(1,94) = n.s.
36.05, 31.22,
p=0.001 p=0.001
Gait Symmetry 1.10+0.04 0.99 £0.01 0.98 + 0.99 £0.02 F(1,94) = n.s. F(1,94) =
0.01 5.396, 4.753,
p=0.032 p=0.022
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Table 2 —
Gait Analysis Day 35
Main effect of Interaction
Parameter Sham Sham ABS ABS ABS Ketamine
Saline Ketamine Saline Ketamine
Stride length Forepaw | 3.66 £0.11 | 3.38+0.11 330+0.16 | 3.67+0.12 n.s. n.s n.s.
Hindpaw | 3.6 £0.13 3.48+0.10 3.6+0.10 341+0.12 n.s. ns. n.s.
Stride Forepaw | 2.52+0.08 | 2.7+0.09 275+0.12 | 294+0.19 n.s. n.s n.s.
Frequency
Hindpaw | 2.7£0.19 2.7 +0.08 258+0.07 | 273+0.1 n.s. n.s n.s.
Stride Forepaw | 0.38+0.01 | 0.43+0.01 0.39+0.01 | 0.46+0.02 n.s. n.s n.s.
Duration
Hindpaw | 0.41+0.01 | 0.43+£0.01 0.39+0.01 | 045+0.01 n.s. n.s n.s
Stance Forepaw | 0.27+0.01 | 0.30+0.01 0.29+0.01 | 0.35+0.02 n.s. ns. n.s.
Duration
Hindpaw | 0.32+0.01 | 0.33+0.01 0.30+0.01 | 0.35+0.01 n.s. n.s n.s.
Propel Forepaw | 0.15+0.01 | 0.17+0.01 0.16 £0.01 | 0.19+0.01 n.s. F(1,92) = n.s.
Duration 5.39,
p=0.022
Hindpaw | 0.25+0.01 0.25+0.01 0.23+0.01 0.25+0.01 n.s. F(1,92) = n.s.
472,
p=0.033
Brake Forepaw | 0.12+0.01 | 0.12 £ 0.004 0.13+0.01 | 0.15+£0.01 n.s. n.s n.s.
Duration
Hindpaw | 0.07 £0.01 | 0.09+0.01 0.06 £ 0.09 £ 0.01 ns. F(1,92) = n.s.
0.004 6.02,
p=0.016
Swing Forepaw | 0.12 + 0.13 + 0.004 0.10 + 0.12 + 0.004 n.s. ns. n.s.
Duration 0.004 0.003
Hindpaw | 0.09 + 0.09 +0.001 0.09 £ 0.10 £+ 0.004 ns. n.s n.s.
0.002 0.002
Stance/Swing Forepaw | 2.43+0.09 | 2.40+0.08 29+0.15 3.1+0.15 n.s. ns. n.s.
Hindpaw | 3.47+£0.09 | 3.47+0.09 331+0.10 | 3.48+0.12 ns. ns. n.s.
MAX dA/dT Forepaw | 20.7+0.88 | 24.9+0.97 242+1.10 | 29.7+1.80 n.s n.s n.s.
(cm”2/s)
Hindpaw | 55.5+2.16 | 59.11+2.23 5135+ 59.67 +2.39 n.s n.s n.s
231
Paw Placement Position 0.49+0.56 | 0.43+0.08 0.43+£0.06 | 0.33+0.07 n.s ns. n.s.
Overlap Distance 1.64+0.56 | 1.60+0.19 1.3+0.3 1.05+0.2 F(1,92) = ns. n.s.
4.14,
p=0.045
Gait Symmetry 0.97£0.03 | 0.99+0.01 1.07+0.05 | 1.19+0.15 F(1,92)= | ns. n.s.
5.53,
p=0.029
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