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Abstract 

Aligning Acute and Chronic Functional Readouts and Utilizing Zolpidem to Improve 

Neurological Impairments After Cardiac Arrest  

 

David Fine, MS 

 

University of Pittsburgh, 2020 

 

 

 

 

While cardiac arrest survival rates have improved alongside recent advances in modern 

resuscitation techniques and targeted temperature management, many survivors experience 

multiple ongoing symptoms after their hypoxic-ischemic brain injury (HIBI) including movement 

disorders, depression, and low cognitive arousal.  Neurological assessments like the neurological 

deficit score (NDS), and physiological readouts from blood chemistry values are used to assess 

acute post-injury outcome, but little has been done to evaluate how these acute readouts distinguish 

heterogeneity within the injury population, or how they align with long term behavioral and 

neurological outcomes as a prognostic tool. Recent evidence also highlights zolpidem as an 

effective treatment for post-HIBI symptoms, but its clinical use has been met with mixed results.  

This study utilized a regression model and correlational analyses to evaluate associations among 

NDS, blood lactate, and blood acid base excess values as acute post-injury readouts, behavioral 

outcome, and dopamine neurotransmission outcomes obtained via fast scan cyclic voltammetry 

two weeks after a 5-min asphyxia cardiac arrest (ACA).  A pilot study was also performed to 

evaluate the effects of chronic systemic zolpidem administration on improving behavioral 

outcomes and reversing striatal hyper-dopaminergia after ACA.  NDS significantly aligned with 

survival probability after ACA.  NDS and both blood chemistry readouts aligned with several 

behavioral and dopamine neurotransmission outcomes, and several dopaminergic and behavioral 

outcomes robustly correlated with one another.  Additionally, chronic zolpidem reflexive and 



 v 

cognitive behavioral outcomes, as defined by the acoustic startle response and the sucrose 

preference test, respectively.  This work highlights novel associations between post-HIBI 

behavioral and neurological outcomes as well as benefits of chronic zolpidem administration in 

ameliorating post-HIBI neurological sequelae.  Future work should further characterize the effects 

of zolpidem administration after cardiac arrest and utilize molecular assays to identify protein 

expression changes that will unravel neurobiological mechanisms driving HIBI-induced functional 

impairments and highlight therapeutic targets to treat CA survivors. 
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1.0 Introduction 

The annual incidence of out-of-hospital cardiac arrest (CA) in the U.S. is approximately 

360,000 cases per year1.  While CA survival rates have improved alongside recent advances in 

modern resuscitation techniques and targeted temperature management, prevalence of good 

functional outcomes after neurorehabilitation is as low as 6%2,3, leaving many individuals with 

multiple ongoing symptoms.  In addition to disorders of consciousness (DoC), anxiety/depression, 

agitation/restlessness, and low cognitive arousal, the hypoxic-ischemic brain injury (HIBI) 

resulting from CA afflicts survivors with a variety of movement disorders ranging from abnormal, 

involuntary movements and seizure to more parkinsonian symptoms like dystonia, chorea, and 

tremor4.  Though these symptoms overlap with other neurological disorders, many of which 

involve striatal dopamine (DA) dysfunction, CA survivors represent a “new” clinical population, 

and little work has been done to develop effective treatments to combat CA pathology. 

CA survivors share many cognitive features with individuals who have suffered a 

significant traumatic brain injury (TBI), and current clinical practice for HIBI treatment borrows 

approaches used with other brain injury populations.  However, the pathologies underlying HIBI 

and TBI symptoms may differ greatly depending on injury etiology.  Experimental TBI studies 

suggest a state of striatal hypodopaminergia or suppressed DA neurotransmission following the 

injury, prompting the use of DA agonists like methylphenidate to improve symptoms 

accompanying the injury5.  Using a rodent model of ventricular fibrillation cardiac arrest (VF-CA) 

paired with fast scan cyclic voltammetry (FSCV) to conduct in vivo, real time characterization of 

presynaptic DA, our research team discovered abnormally elevated DA neurotransmission two 

weeks following the injury, which is worsened by methylphenidate administration6.   
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The cause of CA also influences both the duration of ischemia and the cerebral blood flow 

changes during brain reperfusion, two key factors that determine the injury outcome7.  Asphyxia 

cardiac arrest (ACA) arises from respiratory failure, as seen with intoxication, drowning, or 

trauma, and causes more severe morphologic brain damage than VF-CA8.  ACA also exhibits 

different brain reperfusion characteristics than VF-CA which affect more brain regions – ACA-

induced hyper-perfusion of both the cortex and thalamus whereas VF-CA only leads to early 

hyperperfusion of the cortex7.    

Additionally, ACA is a dynamic injury impacted by many variables in clinical settings and 

in experimental models.  For example, the ischemic brain is sensitive to temperature such that 

small differences in ambient temperature critically influence neuropathological outcomes in brain 

regions responsible for motor behavior and cognition 9,10.  Insult severity also varies within the 

same injury model and even within the same breed of rat (Sprague-Dawley) across multiple 

vendors11. 

Neurological assessments are often used to assess acute post-injury outcome.  Neurological 

deficit scores (NDS) have been utilized to evaluate the effects of hypothermia12, as well as the 

differential effects of sodium bicarbonate and epinephrine dosages on initial recovery13 from CA 

which has aided resuscitation management advancements. Physiological assessments such as 

blood chemistry readings are also utilized to assess post-injury outcome.  Blood lactate levels, for 

example, strongly correlate with mortality after CA which contribute to early patient prognosis14.  

However, research exploring associations between physiological readouts and functional 

outcomes is lacking in several areas.  For example, most studies focus on acute timepoints rather 

than more long-term outcomes.  With regard to experimental ischemic injury models, little work 

has been done in utilizing these readouts to 1) identify heterogeneity within individual injury 
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models, and 2) evaluate how these readouts align with, and influence behavioral outcomes. HIBI 

symptomologies implicate striatal DA dysfunction and elevated striatal DA levels have been 

reported following VF-CA 6 and ACA, the latter of which has been shown to induce deficits in 

reflexive, exploratory, and cognitive behavior (Not yet published).  As such, exploring associations 

between acute physiological readouts and DA neurotransmission outcomes may offer mechanistic 

insight to post-HIBI neurological sequelae and highlight potential therapeutic targets. 

HIBI affects certain brain regions more than others, with damage localized to the brain’s 

vascular watershed and metabolically demanding neuronal subtypes within the hippocampus, 

thalamus, cerebellum, and cortex15,16.  Striatal medium spiny neurons (MSNs) are also particularly 

vulnerable to ischemic damage17,18and exhibit early, irreversible damage from ischemia19.  These 

GABAergic neurons make up 80-90% of the striatal population and receive dense DAergic input 

from the substantia nigra pars compacta (SNpc).  Also, through their modulation of cortical 

glutamatergic input and aspiny acetylcholine (ACh) interneurons, MSNs play key roles in 

cognition, behavior, motivation, and controlled movement.  MSNs receive MSNs with type 2 DA 

receptors (D2Rs), which are associated with dystonia, chorea, and cognitive disorders20–24 are 

particularly vulnerable to Huntington’s Disease-like metabolic dysfunction/damage25,26.   

Evidence also shows uncontrolled striatal DA release seen after even a mild hypoxic-ischemic 

insult which is more severe than ischemia‐induced increases of other neurotransmitters27,28.  As 

aberrant DA signaling underlies movement disorders in Parkinson’s disease (PD) and HD29, DA 

neurotransmission changes after CA may facilitate HIBI-induced motor abnormalities.  The 

thalamic reticular nucleus (tRN) is also particularly vulnerable to ischemic injury.  Another 

primarily GABAergic region, the tRN provides inhibitory modulation of the intralaminar (iLN) 

thalamus, a crucial component of the reticular activating system (RAS) which, through its 
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communication with the cortex, regulates conscious states.  HIBI-induced neuronal damage in the 

tRN likely facilitates abnormal thalamocortical signaling that drives DoC after CA. 

Further, disinhibited DA release and imbalance of other DA neurotransmission elements 

like ACh may also lead to cognitive disorders that impair function after CA30–32.  Figure 1 depicts 

the relevant neurotransmitter pathways involved in striatal circuitry that support coordinated 

movement, arousal, and consciousness as well as the consequences of HIBI on their functionality.   

 

 

Figure 1:  Graphical depiction of neurotransmitter pathways feeding involved in polysynaptic intrastriatal 

circuitry that support coordinated movement and also arousal and consciousness (Davis/Wagner 2019). 

(A) Uninjured Circuit: DAergic projections from the SNpc provide excitatory input into D1 MSNs and 

inhibitory input into D2 MSNs.  DAergic stimulation of MSNs is modulated by cholinergic input from aspiny 

neurons and from glutamatergic cortico-striatal afferents. M4 activation on D1 MSNs blunt MSN output 

while M1 activation on both D1 and D2 MSNs provides an excitatory effect; generalized muscarinic 

stimulation leads to D1 MSN inhibition, and D2 MSN activation modulates the impacts of DA and glutamate 

on GABAergic MSN pallidal-thalamic relays and nigral projections. (B) Injured Circuit: HIBI results in 

damage/loss of metabolically vulnerable MSNs.  Reduced GABAergic pallidal outflow by HIBI reduces GPi 

inhibitory output to thalamus, facilitates excitotoxicity from subthalamic nucleus projections, causes delayed 

damage to GABAergic neurons in SNpr that may facilitate hyperdopaminergia observed in our ACA model.   
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Elevated DA levels post-HIBI may excessively inhibit tonically active aspiny Ach neurons that then promotes 

overactivation of remaining D1 MSNs and overinhibition of remaining D2 MSNs.  

Legend: MSN, Medium Spiny Neuron; HIBI, hypoxic ischemic brain injury; SNpr, Substantia nigra pars 

reticulata; DA, Dopamine; Ach, acetylcholine. (Green—excitatory effects on post-synaptic neuronal firing, 

red—inhibitory on post-synaptic neuronal firing. Bolded colors represent augmented neurotransimission 

effects due to HIBI. Grey—dying/dysfunctional MSNs. 

 

Striatal MSNs project topographically to the internal and external globus pallidus (GPi and 

GPe, respectively) as part of the “direct” and “indirect” pathways of movement, as well as to the 

substantia nigra pars reticulata (SNpr) and SNpc.  Striatal DA release by dopaminergic SNpc 

projections are regulated in part by direct and indirect GABAergic feedback from MSNs33–35 and 

this GABAergic control of the SNpc strongly influences its firing properties34. GABAergic 

afferents from the GPe also strongly influence the firing properties of both nigral regions34,36,37. 

MSNs and GABAergic interneurons also provide inhibitory feedback to spiny ACh interneurons 

and with each other, creating complex intra-striatal networks and functional units that influence 

the larger striatal-pallidal-thalamic circuitry underlying coordinated movement and consciousness.  

Given these ideas, disrupted GABAergic outflow resulting from MSN damage and dysfunction 

may facilitate striatal hyperdopaminergia and abnormal thalamocortical transmission that 

manifests itself as movement and hypoarousal disorders.  Given the specific vulnerability of 

striatal MSNs to ischemia, this evidence suggests that altering GP-mediated GABAergic feedback 

to the SNpc may reverse striatal hyperdopaminergia after HIBI and ameliorate movement 

disorders and DoC.   
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Figure 2: Uninjured striatal-pallidal-nigral circuit (A) and HIBI-affected striatal-pallidal-nigral circuit (B). 

(B) Hypoxic ischemic brain injury (HIBI) leads to acute striatal neuron dysfunction with selective D2 MSN 

vulnerability.  The resulting increase in pallidal (GP) outflow inhibits GABAergic SNpr neurons and 

indirectly dis-inhibiting SNpc DAergic neurons, thus leading to elevated striatal DA levels. 

 

Depression is a major symptom observed after both traumatic and ischemic brain injury, 

with roughly 40% of stroke patients suffering from post-stroke depression (PDSD)38,39.  Though 

anhedonia, the reduced ability to experience pleasure, is relatively easy to identify using animal 

models, its neurobiological underpinnings are not well understood.  As dopaminergic signaling 

plays a key role in pleasurable experiences, with mesolimbic dopaminergic neurons encoding the 

information eliciting motivational value and motivational salience40–42, normalizing HIBI-induced 

DA neurotransmission aberrations may ameliorate depression symptoms following ACA.  

Inflammation likely influences post-HIBI behavioral abnormalities as well.  The inflammatory 

response to systemic infections influences central nervous system changes that facilitate symptoms 

referred to as sickness behaviors.  Through its effects on DA signaling, inflammation has been 

shown to affect basal ganglia-relevant behaviors such as motivation and motor activity43–45.  

Elevated microglial activation and striatal tumor necrosis factor alpha (TNFa) after VF-CA46 
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suggest that ongoing neuroinflammation may also contribute to post-HIBI behavioral 

abnormalities. 

The acoustic startle response (ASR) also plays an important role in neuropsychiatric 

disease studies because its disruption often indicates broader neurological problems. It 

demonstrates a phenomenon called pre-pulse inhibition (PPI), a type of stimulus desensitization 

affected in several neurological disorders associated with DA signaling abnormalities.  TBI, which 

is shown to suppress DA neurotransmission, induces a long-lasting suppression of the ASR as 

well47.  Schizophrenia and HD, disorders associated with hyperactive DA,  provoke an amplified 

ASR as well as PPI deficits48–50. The ASR is mediated by a tri-synaptic pathway in the lower 

brainstem and spinal cord and is depicted in Figure 3.  Auditory information is translated into 

neural signals at the cochlear nuclei.  The cochlear nuclei then relay these signals via the 8th cranial 

nerve to the pontine reticular nucleus (PnC) whose projections innervate hundreds of motor 

neurons, via the reticulospinal tract in the medial longitudinal fasciculus of the spinal cord, in 

response to the stimulus51,52.  

 

Figure 3: Schematic representation of acoustic startle response circuit. 

 

 The pontine reticular formation (pRF), particularly its caudal nucleus, The pRF acts as a 

sensorimotor interface where the transition of sensory input into motor output can be directly 

influenced by excitatory or inhibitory afferents, thus playing an important role in mediating the 

ASR53.  



 8 

The basal ganglia also provide the exploratory drive needed for navigation, foraging, and 

other reward-based or reinforcement learning54, though little is known regarding the 

neurobiological mechanisms of exploratory behavior.  Seminal work from O’Keefe and Nadel 

highlighted the relationship between exploration and spatial memory, a largely hippocampus-

dependent function55.  Experimental models of middle cerebral artery occlusion (focal ischemic 

stroke) suggest the injury causes exploratory hyperactivity56,57, which aligns with the role of spatial 

memory in exploration and the vulnerability of hippocampal neurons to ischemic injury.  Without 

habituation facilitated by the hippocampus, animals may feel compelled to increase exploration, 

leading to duplication of exploration efforts for example.  However, this behavioral abnormality 

hasn’t been explored in the context of CA-associated HIBI, and behavioral responses to ischemia 

are influenced by other external factors such as lighting58 and time after the injury59.   

Recent evidence highlights zolpidem, otherwise known as Ambien, as an effective therapy 

to treat post-HIBI symptoms.  Commonly used as a hypnotic/sedative agent, zolpidem is a GABAA 

receptor agonist with a high selectivity for those expressing the 1 subunit.  The distribution of 

these receptors throughout the basal ganglia allow them to exert a direct influence on striatal DA 

neurotransmission and thalamocortical signaling.  Under normal conditions, zolpidem induces 

hypnotic effects by suppressing thalamocortical signaling via its action on tRN GABAA-1-

receptors.  However, paradoxical effects on arousal after zolpidem administration have been 

described in clinical case studies of severe trauma60,61 and CA-induced HIBI62–65.  It’s 

administration has also been linked to improvement in Parkinson’s associated movement 

disorders66,67.   

Though it’s mechanism is largely theoretical68, systemic zolpidem may ameliorate HIBI-

associated behavioral impairments by partially replacing the function of striatal MSNs (i.e. 
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GABAergic striatal outflow).  GABAA- α-1 receptors are expressed in the striatum, GP, SNpr, and 

the tRN69.  As such, systemic zolpidem administration may normalize striatal outflow and thus GP 

outflow as well.  As increased pallidal outflow after HIBI disinhibits SNpc DAergic neurons and 

drives post-CA striatal hyperdopaminergia, normalizing the neuronal firing of the striatal-pallidal 

circuitry may normalize SNpc DAergic neurons and reverse striatal hyperdopaminergia, as seen 

in figure 4.  Though HIBI results in amplified GPi inhibitory drive which would presumably 

suppress thalamocortical signaling, animal models show elevated thalamocortical neuronal firing 

after CA70,71.  Zolpidem’s actions on the high concentration of GABAA- α-1 receptors in the tRN 

may normalize inhibitory drive on the intralaminar thalamus and ameliorate post-HIBI DoC.   

 

Figure 4: Mechanistic theory of HIBI-affected striatal-pallidal-nigral circuitry before (A) and after (B) 

systemic zolpidem administration. 

(B) Systemic zolpidem administration may normalize striatal GABAergic outflow by acting on striatal 

GABAA- α-1 receptors.  Increased MSN outflow to the SNpc and GP may directly and indirectly increase 

inhibitory drive onto SNpc DAergic neurons, thus reversing striatal hyperdopaminergia. 
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Zolpidem treatment, however, has highly mixed results within the clinical population72–

76. Given the broad and heterogeneous distribution of GABAA- α-1 receptors.  The neurological 

changes underlying post-HIBI symptoms are dynamic processes as well.  Taken with the idea that 

these regions interact within various closed loop circuits and influence a variety of basal ganglia-

driven behaviors, zolpidem may exert vastly different downstream effects depending on where it 

binds its receptor. 

This thesis aimed to elucidate the value of acute neurological and physiological readouts, 

as defined by neurological deficit scores, blood lactate values, and blood acid/base excess (ABE) 

values, in identifying heterogeneity among a population of animals which underwent a 5-min ACA 

injury model.  The degree to which these acute readouts aligned with long-term behavioral, as well 

as neurological outcomes as indicated by DA neurotransmission findings from FSCV, was also 

evaluated.   

Subsequently, the effects of chronic, systemic zolpidem administration on normalizing DA 

kinetics and behavioral abnormalities were assessed in comparison to untreated ACA animals.  It 

was hypothesized that chronic zolpidem administration would ameliorate HIBI—induced 

behavioral deficits and reverse striatal hyperdopaminergia after ACA. Further, a cohesive 

conceptual framework, methodology, and technical feasibility plan was developed to test the 

impacts of regional zolpidem microinjections in the GPe, a key area in the regulation of controlled 

movement and consciousness that has dense expression of GABAA- α-1 receptors.   
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2.0 Methods 

Asphyxial Cardiac Arrest Model 

Rats (n=56) were randomly selected to undergo the 5-min ACA model or sham procedure.  

Rats were housed in pairs prior to surgical procedures and were allowed unrestricted access to 

food and water as well as a 12-hr light/dark cycle, then were housed alone following recovery from 

the surgery.  Those assigned to the ACA or sham group underwent procedures as described 

previously7.  In brief, adult male Sprague-Dawley rats (350-400g; Envigo, Frederick, MD, USA) 

were housed for at least 3 days before the experiment under 12-h light/dark cycle with unrestricted 

access to food and water. On the day of the experiment, rats were anesthetized with isoflurane 4% 

in inspiration fraction of Oxygen (FiO2), intubated with a 14 gauge intravenous catheter (Becton 

Dickinson, Sandy, UT, USA) and mechanically ventilated (Harvard Rodent Ventilator 683, 

Harvard Apparatus, South Natick, MA, USA; tidal volume 6 ml/kg, initial respiratory rate 40/min, 

positive end-expiratory pressure 5 cm H2O FiO2 0.5), while held at euthermia by an overhead lamp 

and heating pad. Anesthesia was maintained with isoflurane 2%. Left femoral artery and vein were 

cannulated with polyethylene (PE) tubing (PE60 and PE90, respectively, Masterflex, Barnant, IL, 

USA) for blood pressure monitoring and drug administration, respectively, via surgical cutdowns. 

Baseline arterial blood gas (ABG) was obtained to assess acid-base balance and hematologic 

parameters with glucose and lactate. 

Rats assigned to the ACA group received the following additional treatment: After 5-

minute ACA induced by disconnection from the ventilator, epinephrine (50 µg/kg) and bicarbonate 

(1 mmol/kg) were given intravenously at the start of CPR. Additional epinephrine (25 µg/kg) was 

given 60s after the start of CPR. Resuscitation was performed via mechanical ventilation (FiO2 
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1.0, identical respiratory parameters as above) and manual chest compression (300/min) until 

return of spontaneous circulation (ROSC). If ROSC was not achieved within 2 min of CPR, rats 

were defibrillated (Zoll 3M, Chelmsford, MA, USA; 10 J biphasic shock between sternal and 

esophageal electrode positioned behind the heart); defibrillation attempts were repeated if needed 

every 30 s during ongoing CPR. Sham rats received all surgical procedures except those directly 

associated with ACA and resuscitation under isoflurane anesthesia (1% with FiO2 identical to the 

corresponding stage of the ACA protocol).  

Post-Resuscitation Care 

Arterial blood gases were obtained at 5-min post-ROSC, 30-min (prior to weaning from 

the ventilator) and 60-min (after weaning from the ventilator) post-ROSC. Rats were weaned from 

the ventilator at 30-min after ROSC, allowed to breathe spontaneously via endotracheal tube with 

supplemental oxygen delivered via nose-cone mask at 2L/min. Using a midline laparotomy 

incision, a Mini-Mitter probe (Mini-Mitter Co., Sunriver, OR, USA) was inserted into the 

peritoneal cavity to allow post-operative temperature control and continuous monitoring of vital 

functions. Rats were extubated 60 min after ROSC following decannulation. Then, rats were 

placed in cages and kept normothermic using an overhead heating lamp and/or a fan for 18 h in 

addition to supplemental oxygen (2L/min for 18 h) and unlimited access to food and water. The 

Mini-Mitter probe was removed 24 h later under brief isoflurane anesthesia using a nose-cone 

mask. Rats were then moved to the housing facility with a 12 h dark/light cycle, and unlimited 

access to standard food and water. Rats were housed individually in a standard environment. 

Neurological function was assessed daily for the first 3 days using an Overall Performance 

Category (OPC) score (1 = normal - ambulating, eating, drinking; 2 = mild disability - as OPC 1 

but with abnormal sensory or motor function; 3 = moderate disability - responds to pain, no 
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ambulation, no righting, no eating or drinking, conscious; 4 = severe disability - no ambulation, 

no righting, no eating or drinking, comatose; 5 = death)77 and a modified Neurologic Deficit Score 

(NDC; 0 - 10% = normal, 100% = maximum deficit)78,79. 

Acoustic Startle Response (ASR) 

To assess HIBI-induced changes in the acoustic startle response and pre-pulse inhibition 

(PPI), ASR was performed one day before, as well as 3 days post-ACA or sham surgery. Each rat 

was placed in a Panlab Startle and Fear Conditioning Chamber using Packwin V.2.0 software and 

exposed to pseudorandomized intertrial 15 - 35 second white noise bursts at 85 dB, 95 dB, and 

105 dB occurring over approximately 15 minutes following a 10 minute period of habituation 

(Harvard Apparatus, Holliston, MA, USA). 8 bursts occurred at each volume for a total of 24 

bursts. The mean of maximum startle response amplitude (%) was calculated as a percentage for 

each of the three volume noise bursts. The percent (%) change of startle response of baseline 

compared to day 3 post-ACA or sham surgery. 

Myoclonus Testing 

Myoclonus testing occurred on D2 post-ACA or sham surgery. Rats were placed in a black 

receptacle (16” x 10” x 24”) and were exposed to metronome (Korg, Tokyo, Japan) clicks at 95 

dB volume over 60 seconds at a frequency of 45 beats per minute or 45 total clicks through an 

amplifier (Peavy, Meridian, MS, USA) located directly adjacent to the testing container following 

a 10 min habituation period in the black receptacle. Experiments were recorded using a digital 

video camera (Canon, Huntington, NY, USA). Graders blinded to the treatment group later 

watched the videos at reduced speed and assigned a categorical score for each of the 45 clicks: 1 

= no reaction, 2 = startle reaction, 3 = Myoclonic reaction, 4 = stereotypy reaction. The average 

number of myoclonic responses for each treatment group were calculated. 
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Open Field Testing 

Open field testing (OFT) was performed 7 days post-ACA or sham procedure. Following 

a 30 minute period of habituation in the testing room, rats were placed at the center of the open 

field apparatus (36.5”x 36.5” x 16”) facing the back wall and tracked using ANYMAZE software 

(Stoelting, Wood Dale, IL, USA) for the entire 600 seconds of the test. The measurements recorded 

included the total distance travelled (m), exploratory zone time allocation (%), and peripheral zone 

time allocation (%). 

Sucrose Preference Testing (SPT) 

Beginning 3 days post-ACA or sham procedure, rats were habituated with one bottle of 1% 

sucrose solution and one identical bottle of normal water. The position of these bottles (left or 

right) was switched until day 6, when two bottles of normal water were presented. On day 7 at 

3:00 PM, rats were deprived of all fluid for 18 hours. At 8:00 AM the following day, 100 mL of 

tap water and 1% sucrose water were presented to rats for 1 hr in a quiet location. Consumption 

was measured at the end of the experiment and preference for sucrose water (%) was calculated 

by dividing the volume of sucrose water consumed by the total volume of water consumed. 

Fast Scan Cyclic Voltammetry 

Two weeks following ACA / Sham procedures, rats underwent fast scan cyclic 

voltammetry to measure regional variations of DA neurotransmission as described previously.5 In 

brief, rats were anesthetized with urethane (1.3 g/kg), mounted onto a stereotaxic apparatus and 

maintained at 37℃ with a homeothermic blanket (Harvard Apparatus, Holliston, MA, USA). 

Midline incisions were made and soft tissues lifted to expose the skull to drill burr holes for the 

placement of microelectrodes. Carbon fiber microelectrodes (CFE) were fabricated as described 

previously.80 Immediately prior to use, electrodes were electrically pretreated with a 70 Hz 

https://www.zotero.org/google-docs/?3ZrTyW
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biphasic cyclic waveform (0V→2V→0V) to enhance DA sensitivity. One recording 

microelectrode was inserted using flat skull coordinates (in mm) into the dorsal striatum [anterior 

posterior (AP): +1.0, mediolateral (ML): +3.0, and dorsoventral (DV): -4.6]81. A reference 

electrode was placed on the proximally exposed brain tissue to create a salt bridge. A bipolar 

stimulating electrode (MS301-1; Plastics One, Roanoke, VA, USA) was inserted into the median 

forebrain bundle (AP: -4.3, ML: +1.6, DV: -6.6)81. 

Biphasic 60 Hz, 5 s (280 μA amplitude and 2 ms pulse width) stimulations of the median 

forebrain bundle were used to evoke DA overflow. DA responses were electrochemically detected 

by the CFEs to which a triphasic cyclic voltage waveform (0V>1V>0.5V>0V) was applied at a 

rate of 400 V/s every 100 ms, using TarHeel CV software (ESA, Chelmsford, MA, USA). The 

stimulating electrode was advanced 200μm every 5 min until a DA signal was detected and then 

lowered 100μm every 10 min until a peak signal amplitude was obtained in the CFE. Experimental 

DA responses were then obtained using alternating 60- and 40 Hz stimulations for 2, 5 or 10 

seconds according to the schematic depicted in Figure 1.  

 

         

Figure 5: Schematic outlining FSCV experimental design and median forebrain bundle stimulation sequence. 
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Following in vivo electrode measurements, electrodes were calibrated with seven DA 

concentrations in artificial cerebrospinal fluid (pH = 7.2) composed of (in mM): 1.2 CaCl2, 2.0 

Na2HPO4, 1.0 MgCl2, 2.7 KCl, and 145 NaCl80. The DA concentration versus current calibration 

using a quadratic regression, which was then used to convert experimental DA responses from 

measured currents to DA concentrations. 

Interpretation of DA Responses 

DA response shapes were assessed by evaluating peak DA concentrations associated with 

experimental DA response amplitudes, or evoked overflow (EO) [DA]. 

As validated and used in previous studies, we implemented the quantitative neurobiological 

(QN) framework to model kinetic parameters onto DA responses to 60 Hz, 10 and 5 s stimulations 

obtained from ACA and Sham rats.80  The QN framework was used for characterizing DA release 

and reuptake in lieu of the classic Michaelis-Menten (M-M) model82 because it does not assume 

constant DA release rate or a constant reuptake efficiency and affinity for DA on the part of DAT. 

The equations and terms used in the QN model to describe release and reuptake components of 

stimulated DA responses can be found in Table 1. Briefly, DA release rate during stimulation 

(DARstim) is described by equation 1 as an exponential decay function with a time constant of 

ΔDARτ and a steady-state release rate (DARSS). Post-stimulation DA release rate (DARpost) is 

described in equation 2 as release rate that decreases biphasically after stimulation ends, with a 

rapid exponential and prolonged linear decay components. Lastly, reuptake kinetics were modeled 

similarly to the M-M model, except Km was defined as a dynamic term that increases during 

stimulation according to the logistic function in equation 3 to model a decreasing reuptake 

efficiency caused by the stimulation itself. 

 



 17 

Table 1: Equations and parameters utilized in stimulations. 

 

The simulations produced estimates of DA release and reuptake rates over the time course 

of stimulated DA responses. Specifically, we examined four parameters that were derived from 

these simulations to characterize the effects of ACA on stimulated DA neurotransmission: Kmi, 

Vmax, initial DA release rate (DARi), and DA released. Kmi describes the M-M constant that 

estimates the efficiency of DAT molecules at physiological conditions, and Vmax is an estimate of 

maximum reuptake rate that depends upon local DAT density and efficiency. As DA release is a 

dynamic process during stimulation, we provided estimates of DARi and total estimated DA 

released during stimulation by integrating DA release rate equations over the stimulation duration. 
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Zolpidem Administration 

Zolpidem was dissolved in DMSO, vortexed until fully dissolved, and then dissolved into 

0.1M PBS to bring the solution to 20% total DMSO.  Animals received daily intraperitoneal 

injections of either 0.1mg/kg (n=5) or 0.2mg/kg (n=5) zolpidem solution were performed starting 

at D2 post-ACA until D14 post-ACA.  This dosing range was shown to improve DA dysregulation-

driven motor impairments in PD-relevant animal models (Assini and Abercrombie, 2018).   Due 

to COVID-19 shutdown, no Sham animals were treated with zolpidem, nor ACA animals with 

chronic vehicle (0.1M PBS) injections.  For evaluating behavioral outcomes, the effects of chronic 

zolpidem administration were evaluated for low and high dose groups combined as well as 

separately for the high dose zolpidem animals. 

Injury Severity Metrics 

NDS were assigned 1, 2, and 3 days post-injury, as well as on the final day of the study 

(D7 or D14 post-injury).  Blood Lactate and ABE values were obtained at baseline as well as 5, 

30, and 60 minutes post-resuscitation.  To qualitatively assess bimodal distribution between injury 

and sham groups, as well as score range and distribution over time, histograms and scatterplots 

were generated for NDS, lactate values, and ABE values.  The median of D1 – D3 NDS were used 

for all subsequent analyses. The median among 5-, 30-, and 60-minute post-resuscitation values 

were used for all subsequent analyses.  

Statistical Analyses 

All statistical analyses were performed using either statistical analysis software (SAS) 

version 9.4 (Cary, NC, USA), Rstudio software version 3.5 (Corvallis, OR, USA), or Graphpad 

Prism version 8 (San Diego, CA, USA). Differences were considered statistically significant if p 

< 0.05, unless otherwise stated.   
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Cox Regression for Survival Analysis 

In order to investigate the effect of NDS, blood lactate, and blood ABE values on the time 

exclusion from the study, either by death or distress, takes to happen, a Cox regression was 

performed among all ACA animals (n=30).  To account for varied range between NDS, lactate, 

and ABE, their values were standardized by subtracting the mean and dividing by the standard 

deviation. 

Correlation Analyses 

Spearman’s correlations were performed to examine associations among NDS, lactate 

values, and ABE values, as well as between these injury metrics and behavioral/dopamine-related 

outcomes. Kolmogorov-smirnov (K-S) normality tests were performed for all injury, behavioral, 

and dopamine-related metrics prior to correlations.  Resulting p-values from K-S tests greater than 

0.05 for any tested data were considered to have a normal distribution.  Pearson’s correlations were 

then performed for association pairs with normal distribution, whereas Spearman’s rank 

correlations were performed for association pairs with abnormal distribution.  Due to lack of 

normality across behavioral and dopamine-related metrics, only Spearman’s rank correlations 

were performed.  To evaluate associations between dopamine-related and behavioral testing 

outcomes, partial correlation analyses were performed with NDS, lactate values, and ABE values 

included as covariates.  For all correlational analyses performed, mild associations (p=0.1-0.199, 

r=±0.3-0.499) were labeled in orange, moderate associations (p=0.01-0.09, r=±0.5-0.699) were 

labeled in green, and strong associations (p<0.01, r=±0.5-0.699) were labeled in blue. 
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Analysis of Variance/Covariance 

Analysis of variance (ANOVA) or analysis of covariance (ANCOVA) were performed to 

evaluate the differential effects of zolpidem on behavioral performance outcomes and dopamine-

related outcomes, and how they compare to those of untreated ACA animals.  Injury metrics 

which significantly correlated with the outcome-of-interest were used as covariates in the 

associated analysis.  If no injury metrics were significantly correlated with the outcome-of-

interest, ANOVA was performed.  Post hoc pairwise comparisons were assessed using Tukey’s 

test. 
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3.0 Results  

Injury Metrics Outcome Change Over Time and Are Bimodally Distributed Between Injury and 

Sham Groups  

To qualitatively assess bimodal distribution between injury and sham groups, as well as 

score range and distribution over time, histograms and scatterplots were generated for NDS (Figure 

3a-3d), lactate values (Figure 4a-4d), and ABE values (Figure 5a-5d).  

 

 

Figure 6: Scatterplots show blood lactate values for ACA (a) and Sham (b) groups at baseline, D1-D3 

(median), D7 and D14 post-surgery.  

 Overlayed histograms show bimodal distribution between ACA and Sham groups for blood lactate at D1-D3 

(median) (c) and D14 (d) post-surgery. 
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Figure 7: Scatterplots show blood lactate values for ACA (a) and Sham (b) groups at baseline, D1-D3 

(median), D7 and D14 post-surgery.  

 Overlayed histograms show bimodal distribution between ACA and Sham groups for blood lactate at D1-D3 

(median) (c) and D14 (d) post-surgery. 
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Figure 8: Scatterplots show blood acid-base excess (ABE) values for ACA (a) and Sham (b) groups at 

baseline, D1-D3 (median), D7 and D14 post-surgery.  

 Overlayed histograms show bimodal distribution between ACA and Sham groups for blood ABE at D1-D3 

median (c) and D14 (d) post-surgery. 

 

Acute NDS Predicts Survival After 5-Min ACA 

NDS for days 1 – 3 post-injury were plotted for surviving ACA animals (Figure 6).  Median 

scores dropped significantly from D1 to D2 post-injury and from D1 to D3 post-injury.  

Distribution of injury metrics outcomes were also assessed for ACA survivors vs. non-survivors 

(animals excluded from the study for death or distress) (Fig. 7a-7c).  Median NDS for non-
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survivors were significantly higher compared to their survivor counterparts (Fig. 7a), whereas 

median lactate (Fig. 7b) and ABE (Fig. 7c) values were not different between groups.   

                                                   

Figure 9: Median values for NDS at D1 – D3 post-injury, represented by bars, show acute neurological 

outcome after 5min ACA.   

Paired t-tests showed a significant reduction in NDS from D1 to D2 (240.5 ± 21.98 vs. 173.8  ± 20.94, 

*p=0.0341) as well as from D1 to D3 post-injury (240.5 ± 21.98 vs. 130 ± 24.6, **p=0.0018). 
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Figure 10: Scatterplots of NDS (a), lactate (b), and ABE (c) values show differences between survivors and 

non-survivors after ACA injury. 

Median NDS for non-survivors were significantly higher compared to their survivor counterparts (Fig. 7a: 

311.6 ± 15.73 vs. 171 ± 21.94, ***p<0.0001), whereas median lactate (Fig. 7b) and ABE (Fig. 7c) values were 

not different between groups. 

 

To further explore the validity of NDS as a useful predictor of injury survival, a 

multivariable Cox regression was performed using median NDS, lactate values, and ABE values 

of animals that survived through the duration of the study and animals that were prematurely 

excluded (a.k.a. non-survivors) due to death or distress (Table 2).  The model showed that only 

(standardized) NDS was significant, in that one standard deviation (SD) increase in NDS increased 

the hazards of rats being excluded from the study (via death or being out-of-protocol) by 5.205 

times. For ABE and Lactate, the HR also increased with a 1-SD increase, but these covariates were 

not significant.   

Covariates from the multivariable Cox model were also used to estimate/predict ACA 

animal survival probabilities up to a specific post-injury timepoints (Table 3).  ACA animals had 

a 80.1% predicted survival rate up to D3 post-injury, whereas predicted survival rates up to D6 

and D7 post-injury reduced to 67.7% and 52.1%, respectively (Table 3).  Survival probability out 



 26 

to D14 post-injury matched that for D7 because no rat was excluded from the study due to death 

or weight loss after 7 days in our data. 

   

Table 2: Cox regression model of study exclusion (due to death/distress) on standardized NDS, lactate, and 

ABE median scores (n=45, number of events=25). 

NDS significantly aligned with study exclusion (HR=3.958, ***p<0.0001), but not lactate or ABE.   

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Table 3: Median probabilities of ACA animals surviving to 

D3, D6, and D7 post-injury. 
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Injury Metrics Correlate with Behavioral And Dopamine-Related Outcomes 

Because Kolmogorov-smirnov tests revealed non-normal distribution of relevant data 

outcomes, spearman correlations were performed to evaluate associations among injury metrics 

(Table 4), between injury metrics and DA release-based outcomes (Table 5), DA reuptake-based 

outcomes (Table 6), and between injury metrics and behavioral outcomes (Table 7).  NDS median 

values significantly correlated with long-term (D14 post-injury) NDS values (*p=0.0175, 

r=0.6565).  NDS median values also correlated with median lactate (***p<0.0001, r=0.864) and 

median ABE values (**p=0.0006, r=-0.702). 

Analyses showed moderate associations between NDS and all three ASR metrics, as well 

as both open field testing (OFT) metrics.  NDS negatively correlated with Kmi as well.  Lactate 

moderately correlated with all three ASR metrics as well as both OFT metrics.  Additionally, 

Lactate inversely correlated with total DA released, initial DA release rate (DARi), and Kmi.  ABE 

moderately correlated with all three ASR metrics, distance traveled during OFT, and sucrose 

preference testing (SPT).  ABE also correlated with evoked DA overflow, total DA released, and 

DARi.   

   

Table 4: Spearman’s rank correlations show associations between median NDS and D14 NDS, median lactate, 

and median ABE values. 

Mild (r=+/-0.3-0.499; p=0.1-0.199), moderate (r=+/-0.5-0.699; p=0.01-0.099), and strong (r=+/- 0.7-0.999; 

p<0.01) correlations are shown in orange, green, and blue, respectively. 

 

 

 



 28 

Table 5: Spearman’s rank correlations show associations between injury metrics and DA release-based 

metrics. 

Mild (r=+/-0.3-0.499; p=0.1-0.199), moderate (r=+/-0.5-0.699; p=0.01-0.099), and strong (r=+/- 0.7-0.999; 

p<0.01) correlations are shown in orange, green, and blue, respectively. 

 

 

Table 6: Spearman’s rank correlations show associations between injury metrics and DA reuptake-based 

metrics. 

Mild (r=+/-0.3-0.499; p=0.1-0.199), moderate (r=+/-0.5-0.699; p=0.01-0.099), and strong (r=+/- 0.7-0.999; 

p<0.01) correlations are shown in orange, green, and blue, respectively. 
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Table 7: Spearman’s rank correlations show associations between injury metrics and behavioral outcomes. 

Mild (r=+/-0.3-0.499; p=0.1-0.199), moderate (r=+/-0.5-0.699; p=0.01-0.099), and strong (r=+/- 0.7-0.999; 

p<0.01) correlations are shown in orange, green, and blue, respectively. 

 

 

Dopamine Metrics and Behavioral Outcome Associations 

To assess functional coupling between behavioral outcomes and DA neurotransmission 

outcomes, and to evaluate any confounding or mediating effects of the established injury severity 

metrics on these outcomes after ACA, partial correlation analyses were performed among ACA 

animals.  ABE was found to be a negative confounder for two association pairs:  ASR metrics 

significantly correlated with evoked DA overflow at 1s into electrical stimulation, and these 

associations were attenuated when covarying for ABE.  Additionally, sucrose preference 

significantly correlated with maximal evoked DA and this association was strengthened by 
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covarying for ABE.  Table 8 summarizes these association pairs which changed significantly after 

adjusting for ABE. 

Table 8: Summary of association pairs from partial correlation analyses (Spearman’s rank correlations) 

which significantly changed after adjusting for ABE. 

Mild (r=+/-0.3-0.499; p=0.1-0.199), moderate (r=+/-0.5-0.699; p=0.01-0.099), and strong (r=+/- 0.7-0.999; 

p<0.01) correlations are shown in orange, green, and blue, respectively. 

 

 

Effects of Chronic Zolpidem Administration on Restoring HIBI-Induced Behavioral Deficits  

Injury metrics which significantly correlated with the outcome-of-interest after Spearman’s 

rank correlations were used as covariates in the associated analysis.  If no injury metrics were 

significantly correlated with the outcome-of-interest, ANOVA was performed.  Post hoc pairwise 

comparisons were assessed using Tukey’s test. 

Acoustic Startle Response 

Acoustic startle response (ASR) testing was performed to measure sensorimotor changes 

following HIBI on day 3 post-surgery. Untreated ACA rats showed exaggerated acoustic startle 

responses across all sound burst intensities (Fig. 8a, 8b, 8c) compared to Sham rats 3 days 

following surgery. While the ACA group showed increased responses, Sham responses decreased 

compared to their baseline scores.  The combined group of low- and high-dose zolpidem-treated 

zolpidem-treated rats (0.1mg/kg and 0.2mg/kg, respectively) did not show normalized responses 

except for the 105-dB sound bursts when combined, wherein zolpidem animals were not 

significantly different from Sham nor untreated ACA animals (Fig. 8a-8c).  High dose (0.2mg/kg) 
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zolpidem-treated rats, when evaluated on their own (Fig. 8d-8f), exhibited significantly lower 

responses for 95-dB and 105-dB sound bursts compared to untreated ACA animals (Fig. 8e-8f). 

 

 

Figure 11: Mean ± SEM for acoustic startle responses at 85 dB (8a, 8d), 95 dB (8b, 8e), and 105 dB (8c, 8f) 

sound bursts shown as a percent change from baseline to 3 days post-surgery. 

(a) ANCOVA showed a main effect of group (**p=0.0009), but no effect of NDS median, lactate median, or 

ABE median.  Post hoc Tukey’s test show significant differences between 2wk ACA and 2wk Sham groups 

(**p=0.0002). (d) ANCOVA showed a main effect of group (**p=0.0009), but no effect of NDS median, lactate 

median, or ABE median.  Post hoc Tukey’s test show significant differences between 2wk ACA and 2wk 

Sham groups (**p=0.0002), as well as between 2wk ACA ambien and 2wk Sham groups (*p=0.0365).  (b) 

ANCOVA showed a main effect of group (**p=0.0065), but no effect of NDS median, lactate median, or ABE 

median.  Post hoc Tukey’s test show significant differences between 2wk ACA and 2wk Sham groups 

(**p=0.0017), as well as between 2wk ACA ambien and 2wk Sham groups (*p=0.0221). (e) ANCOVA showed 

a main effect of group (**p=0.0065), but no effect of NDS median, lactate median, or ABE median.  Post hoc 

Tukey’s test show significant differences between 2wk ACA and 2wk Sham groups (**p=0.0017) as well as 
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2wk ACA and 2wk ACA ambien group (*p=0.0128). (c) ANCOVA showed a main effect of group 

(*p=0.0246), but no effect of NDS median, lactate median, or ABE median.  Post hoc Tukey’s test show 

significant differences between 2wk ACA and 2wk Sham groups (**p=0.0015). (f) ANCOVA showed a main 

effect of group (*p=0.0246), but no effect of NDS median, lactate median, or ABE median.  Post hoc Tukey’s 

test show significant differences between 2wk ACA and 2wk Sham groups (**p=0.0007), as well as 2wk ACA 

and 2wk ACA ambien group (*p=0.0147). 

 

Myoclonus Testing 

Myoclonic responses were measured at day 2 post-surgery for untreated ACA, zolpidem-

treated ACA, and Sham animals (Figure 9).  Untreated ACA rats showed a marked increase in the 

percent of myoclonic response compared to Sham group.  Neither zolpidem-treated group showed 

a reduction in myoclonic responses compared to untreated ACA animals (Figure 9a,9b).   

 

Figure 12: Mean ± SEM values for myoclonic responses observed D2 following ACA/sham surgery. 

(a) ANOVA showed significant differences across groups (**p=0.0025).  Post hoc Tukey’s test showed 

significant differences between 2wk ACA and 2wk Sham groups (**p=0014), as well as between 2wk Sham 

and 2wk ACA ambien groups (**p=0.0048).  (b) ANOVA showed significant differences across groups 

(**p=0.0025).  Post hoc Tukey’s test showed significant differences between 2wk ACA and 2wk Sham groups 

(**p=0.0007), as well as between 2wk Sham and 2wk ACA ambien groups (**p=0.016). 
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Open Field Testing 

Mobility (Figure 10) and exploratory behavior (Figure 11) were assessed via open field 

testing (OFT) on day 7 post-ACA/Sham surgery for untreated ACA, zolpidem-treated ACA, and 

Sham animals.  ACA significantly reduced both the distance traveled (Fig. 10) and number of 

entries to the exploratory zone (Fig. 11) compared to Sham animals.  The combined group of low 

and high dose zolpidem-treated animals showed no significant improvements in the distance 

traveled (Fig. 10a) nor exploratory zone entries compared to untreated ACA animals (Fig. 11a).  

High dose zolpidem-treated animals exhibited a modest increase in the distance traveled (Fig. 10b), 

though also not different from shams.  Additionally, the high dose zolpidem group showed a slight 

reduction in exploratory zone entries compared to untreated ACA animals, though not significant 

(Fig. 11b).   

 

Figure 13: Mean ± SEM values for distance traveled in the OFT D7 post-surgery. 

(a) ANCOVA showed a main effect of group (*p=0.0264) as well as a main effect of NDS median 

(**p=0.0021).  Post hoc Tukey’s test show significant difference between 2wk ACA and 2wk Sham group 

(*p=.0192).  (b) ANCOVA showed a main effect of group (**p=0.0088) as well as a main effect of NDS median 

(**p=0.0053).  Post hoc Tukey’s test show significant difference between 2wk ACA and 2wk Sham group 

(*p=.0103). 
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Figure 14: Mean ± SEM values for exploratory zone entries in the open field D7 post-surgery. 

(a) ANCOVA showed a main effect of group (**p=0.0058) as well as a main effect of NDS median (*p=0.03).  

Post hoc Tukey’s test show significant difference between 2wk ACA and 2wk Sham group (**p=.0046), as 

well as between 2wk ACA ambien and 2wk Sham groups (**p=0.0045).  (b) ANCOVA showed a main effect 

of group (**p=0.0011) as well as a main effect of NDS median (*p=0.0115).  Post hoc Tukey’s test show 

significant difference between 2wk ACA and 2wk Sham group (**p=.0032), as well as between 2wk ACA 

ambien and 2wk Sham groups (**p=0.0025). 

 

Sucrose Preference Testing 

To assess anhedonia after ACA, sucrose preference testing (SPT) was performed on day 8 

post-ACA/sham surgery for untreated ACA, zolpidem-treated ACA, and Sham animals. ACA 

caused a significant decrease in sucrose preference which was reversed in the high dose zolpidem-

treated animals (Fig. 12b).  The combined group of low and high dose zolpidem-treated animals 

was not significantly different from Sham nor untreated ACA animals (Fig. 12a).  



 35 

 

Figure 15: Mean ± SEM of sucrose preference calculated on D8 post-surgery. 

(a) ANCOVA showed no main effect of group, though it did show a main effect of ABE median (*p=0.0327).  

Post hoc Tukey’s test showed a significant difference between 2wk ACA and 2wk Sham groups (*p=0.0482). 

(b) ANCOVA showed a main effect of group (*p=0.0477) and a slight main effect of ABE median (p=0.0517).  

Post hoc Tukey’s test showed a significant difference between 2wk ACA and 2wk Sham groups (*p=0.0428) 

and a trend towards differences between 2wk ACA and 2wk ACA ambien groups (#p=0.088). 

 

Effects of Chronic Zolpidem on Voltammetric Responses and Evoked DA Overflow in The 

Dorsal Striatum After ACA-Induced HIBI 

For all voltammetric data, the low and high dose zolpidem-treated animals were combined 

into one group.  Electrically stimulated DA responses reflect a balance of DA release and reuptake 

kinetics. Figure 13 shows the average DA responses in the dorsal striatum (D-STR) for untreated 

ACA, zolpidem-treated ACA, and Sham animals following a maximal 60 Hz, 10 s stimulation of 

the medial forebrain bundle (MFB).  Responses were obtained at day 14 post-ACA/Sham surgery. 

Maximal evoked DA overflow was significantly increased during and after stimulation in the ACA 

group compared to the Sham group at 2 weeks post-surgery (Fig. 13a).  Chronic zolpidem 

administration seemed to reduce maximal evoked DA in that treated animals were not significantly 
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different from untreated ACA nor Sham groups (Fig. 13a).  Evoked DA at 1s into the stimulation 

was also assessed among groups, though ANCOVA showed no significant differences (Fig. 13b).   

 

Figure 16: Mean ± SEM of maximal evoked DA overflow (a) and evoked DA overflow 1s into stimulation (b) 

in the D-STR following 60Hz, 10s MFB stimulations two weeks post-surgery. 

  (a) ANOVA showed significant main effect of group (p=0.0044).  Post hoc Tukey’s test showed significant 

difference between 2wk ACA and 2wk Sham groups (**p<0.01).  (b) ANCOVA showed no significant 

differences across groups. 

 

Effects of Chronic Zolpidem on ACA-Induced DA Kinetics Alterations 

In order to measure DA kinetics in the D-STR, FSCV data were modeled using the QN 

framework as described previously described.  Figure 14 shows group comparisons for DA 

release-based metrics for untreated ACA, zolpidem-treated ACA, and Sham animals at day 14 

post-ACA/Sham surgery.  QN simulations revealed that total [DA] release (Fig. 14a), initial DA 

release rate (DARi) (Fig. 14b), were significantly increased in both untreated and zolpidem-treated 

ACA groups compared to Shams.  
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Figure 17: Mean ± SEM values of total DA released (a) and initial DA release rate (b) in the D-STR following 

60Hz,10s stimulation two weeks post-surgery. 

(a) ANCOVA showed main effect of group (**p<0.0011), but no main effect of Lactate median or ABE 

median.  Post hoc Tukey’s test show significant differences between 2wk ACA and 2wk Sham groups 

(***p<0.0001), as well as between 2wk ACA zolpidem and 2wk Sham groups (**p=0.0017).  (b) ANCOVA 

showed main effect of group (**p<0.0002), but no main effect of Lactate median or ABE median.  Post hoc 

Tukey’s test show significant differences between 2wk ACA and 2wk Sham groups (***p<0.0001), as well as 

between 2wk ACA zolpidem and 2wk Sham groups (**p=0.0025). 

 

Figure 15 shows group comparisons for DA reuptake-based metrics for untreated ACA, 

zolpidem-treated ACA, and Sham animals at day 14 post-ACA/Sham surgery.  QN simulations 

revealed that maximal velocity of DA reuptake (Vmax) from 60 Hz, 10 s stimulations was 

significantly increased in both untreated and zolpidem-treated ACA groups two weeks post-injury 

(Fig. 15a) while Kmi remained unchanged for both ACA groups compared to Sham animals (Fig. 

15b). 
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Figure 18: Mean ± SEM maximal DA reuptake velocity (Vmax) (a) and Kmi (b) for each group. 

 (a) ANOVA showed significant main effect of group (***p<0.0001) for Vmax.  Post hoc Tukey’s test showed 

significant differences between 2wk ACA and 2wk Sham groups (**p=0.0004), as well as between 2wk ACA 

zolpidem and 2wk Sham groups (*p=0.0238).  (b) ANCOVA showed no significant differences across groups 

for Kmi. 
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4.0 Regional Zolpidem Microinjections to Reverse HIBI-Induced Striatal 

Hyperdopaminergia – A Conceptual Experiment 

Introduction 

HIBI affects certain brain regions more than others.  Striatal medium spiny neurons 

(MSNs), particularly those expressing D2 receptors (D2Rs), are particularly vulnerable to ischemic 

damage and exhibit early, irreversible damage from ischemia19.  Striatal MSNs also receive dense 

DAergic input from the substantia nigra pars compacta (SNpc) and evidence shows uncontrolled 

DA release seen after even a mild hypoxic-ischemic insult, which is more severe than ischemia‐

induced increases of other neurotransmitters27,28. Through their modulation of cortical, thalamic, 

and limbic glutamatergic input, as well as aspiny striatal acetylcholine (ACh) interneurons, MSNs 

play key roles in cognition, behavior, motivation, and controlled movement.  Aberrant DA 

signaling underlies various movement disorders, such as in Parkinson’s disease (PD) and 

Huntington’s disease (HD)29, suggesting DA neurotransmission changes after CA may facilitate 

HIBI-induced motor abnormalities.  The thalamic reticular nucleus (tRN) is also particularly 

vulnerable to ischemic injury and animal CA models have demonstrated hyperactive 

thalamocortical signaling70.  Another primarily GABAergic region, the tRN provides inhibitory 

modulation of the intralaminar (iLN) thalamus83, a crucial component of the reticular activating 

system (RAS) which, through its communication with the cortex, regulates conscious states84.  

HIBI-induced neuronal damage in the tRN likely facilitates abnormal thalamocortical signaling 

that drives DoC after CA. 

Striatal MSNs project topographically to the internal and external globus pallidus (GPi and 

GPe, respectively) as part of the “direct” and “indirect” pathways of movement, and SNc DAergic 
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afferents influence these pathways through their effect on different DA receptors.  DA exerts an 

excitatory effect on D1R-expressing MSNs (of the “direct” pathway) and an inhibitory effect on 

D2R-expressing MSNs (of the “indirect” pathway)85.  Aspiny ACh interneurons modulate these 

effects by acting as pacemakers, tonically regulating striatal MSN output86,87. DA Striatal MSNs 

also project to the substantia nigra pars reticulata (SNpr) and SNpc88,89.  Striatal DA release by 

dopaminergic SNpc projections are regulated in part by direct and indirect GABAergic feedback 

from MSNs33–35 and this GABAergic control of the SNc strongly influences its firing properties34.  

GABAergic afferents from the GPe also strongly influence the firing properties of both nigral 

regions34,36,37. Disrupted GABAergic outflow resulting from MSN damage or dysfunction may 

facilitate striatal hyperdopaminergia as well as abnormal thalamocortical transmission that 

manifests itself as movement and hypo-arousal disorders.   

Recent clinical evidence highlights zolpidem, otherwise known as Ambien, as an effective 

therapy to treat post-HIBI symptoms63,65. Though a well-known hypnotic agent, a growing body 

of research has studied zolpidem as a tool to promote emergence from DoC, and clinical evidence 

shows that a short course of zolpidem treatment acutely following HIBI from CA can lead to 

paradoxical improvements in arousal61,63–65.  Zolpidem is a GABAA receptor agonist with a high 

selectivity for those expressing the 1 subunit.  These receptors, expressed in the striatum, GP, 

SN, and thalamic nuclei exert a direct influence on striatal DA neurotransmission and 

thalamocortical signaling69.  Zolpidem administration has been linked to improvement in 

Parkinson’s associated movement disorders66,67, possibly by inhibiting GPi-induced 

thalamocortical hyperactivation and/or other sites where GABA-A receptor inhibition impacts DA 

transmission directly, such as the SNpr and SNpc69.  However, the paradoxical response to 
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zolpidem after brain injury is largely theoretical68,90, and its clinical use has been met with highly 

mixed results72–76.   

The results from our preliminary study detailed in the previous aim also show mixed effects 

of chronic systemic zolpidem administration on improving outcome after CA.  FSCV findings 

show a modest decrease in evoked striatal DA after chronic zolpidem treatment.  High dose 

zolpidem (0.2mg/kg daily) normalized acoustic startle responses and reversed anhedonia as 

represented by increased sucrose preference.  However, other DA release-based metrics as well as 

DA clearance/reuptake metrics remained unchanged, and the occurrence of myoclonus and 

exploratory behavior remained relatively unchanged.  Interestingly, the higher dose of zolpidem 

administered resulted in a dichotomy of outcomes for both myoclonus and open field testing, 

resembling a group of “responders” and one of “non-responders” with regard to treatment. One 

explanation is that GABAA α-1 receptor density varies across the regions where they are localized.  

For example, they are expressed in higher concentration in the GP compared to the striatum91. 

Taken with the GABAA α-1 receptor’s expression within several basal ganglia regions, systemic 

zolpidem may exert different downstream effects depending on where it binds these receptors.   

Characterizing zolpidem’s effects when localized to particular regions of the striatal-

pallidal-thalamocortical circuitry may elucidate the influence these different regions have in 

mediating HIBI-induced neurological sequelae, as well as assess the efficacy of GABAA α-1 

receptors as a therapeutic target for treating hyperdopaminergia and associated behavioral deficits 

after ACA. This conceptual study evaluates the presumed impacts of zolpidem microinjections 

into the GPe in a rat model of asphyxia cardiac arrest (ACA). Given the modest reductions in 

evoked striatal DA seen in the previous aim and the GPe’s high concentration of GABAA α-1 

receptors, perhaps systemic zolpidem exerted its mildly beneficial effects through this region.  As 
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such, it is hypothesized that intra-pallidal zolpidem may “replace” functions of 

dysfunctional MSNs and normalize striatal GABAergic outflow to the SNpr and SNpc, 

thus restoring GABAergic feedback to nigral DAergic neurons and reversing striatal 

hyperdopaminergia.   

Methods 

Prior to surgical procedures, rats will be housed in pairs, then housed alone 

following recovery from the surgeries. Rats will be granted unrestricted access to food and water 

as well as a 12 h light/dark cycle.  Rats will be randomly assigned to one of the following groups 

outlined in Table 1 below.  Microinjections will be performed for groups of n=6 for ACA 

animals, and n=4 for sham/naïve animals, based on previous studies employing 

regional zolpidem microinjections92,93. Rats assigned to the ACA or sham group will undergo 

identical surgical and post-operative procedures as described in prior sections of the thesis.  
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Table 9: Injury and treatment group counts. 

Injury Group Treatment Microinjection 

(GPe) 

ACA Vehicle (DMSO 

+ aCSF) 

N=6 

Sham Vehicle (DMSO 

+ aCSF) 

N=4 

Naive Vehicle (DMSO 

+ aCSF) 

N=4 

ACA Zolpidem N=6 

Sham Zolpidem N=4 

Naive Zolpidem N=4 

 

Fast Scan Cyclic Voltammetry 

Two weeks following ACA / Sham procedures, rats will undergo fast scan cyclic 

voltammetry (FSCV) to measure regional variations of DA neurotransmission based on previously 

used methods5, but with modifications appropriate for this experiment.  Experimental DA 

responses will be obtained using alternating 60- and 40 Hz stimulations for 5- or 10 s according to 

the schematic depicted in Figure 1. For data analysis purposes, 5- and 10 s recordings at 60 Hz 

stimulation will be applied prior to any drug or vehicle microinjection. We then applied 60 Hz, 5 

s stimulations at 10- and 35 min after vehicle or zolpidem infusion as well as 40 Hz 5 s stimulations 

at 25- and 50 min after vehicle or zolpidem infusion.  

Following in vivo electrode measurements, electrodes will be calibrated with seven DA 

concentrations in artificial cerebrospinal fluid (pH = 7.2) composed of (in mM): 1.2 CaCl2, 2.0 

Na2HPO4, 1.0 MgCl2, 2.7 KCl, and 145 NaCl80. The DA concentration versus current calibration 
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using a quadratic regression will be used to convert experimental DA responses from measured 

currents to DA concentrations. 

 

 

Figure 19: Schematic representation of FSCV experimental study and microinjection timepoints. 

 

Regional Microinjections 

 

 While under urethane anesthesia associated with FSCV.  Midline incisions will be made, 

and soft tissues lifted to expose the skull, at which point burr holes will be drilled contralaterally 

to CFE burr hole for the placement of a microsyringe needle.  A craniotomy will be performed at 

coordinates 1.0-2.0 mm posterior and 3.0-4.0 mm lateral from bregma81,94 for needle placement 

into the GPe.   

At the end of baseline FSCV procedures, rats will be implanted with a 32-g stainless steel 

cannula (Hamilton). A micro-syringe (Hamilton) will be connected through the cannula to an 

infusion pump (World Precision Instruments) and lowered into the brain.  The needle will be 

lowered to the following coordinates (relative to bregma) for GPe microinjection: AP: -1.4 mm; 

ML: 3.6mm; DV: -6.6mm94. 100nM or 1mM of zolpidem93 dissolved in 2uL vehicle (80% aCSF, 
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20% DMSO), or 2uL vehicle (aCSF) will be infused into the GPe at a rate of 0.5uL/min.  The 

needle will be left in place for another 3 minutes to ensure compound diffusion. 

Verification Of Stereotaxic Coordinates 

Following FSCV procedures, regional microinjection sites will be verified using Evans 

Blue dye.  2uL of Evans Blue dye will be infused into the GPe at a rate of 0.5uL/min and the needle 

will be left in place for another 2 minutes to ensure compound diffusion before removing the 

needle, electrodes, and temperature probes.   

Rapid decapitation will be performed using a guillotine and the brain will be extracted 

from the skull using surgical rongeurs before drop-fixing in 10% formalin.  After 48 hrs, the 

brain will be placed in a rat brain slicer matrix (Kent Scientific), and 1mm coronal sections 

will be cut.  Correct infusion location will be verified using a rat brain axis81 and regional 

landmarks as reference such as the striatum’s striped appearance or the prominence of the 

third and lateral ventricles relative in the slices relative to those in the neuroanatomical atlas.  

Only animals which have had correct infusion locations verified will be added as viable data. 

Proposed Results 

HIBI results in damage or dysfunction of metabolically vulnerable MSNs, effectively 

damaging one of the primary sources of inhibition on SNpc DAergic neurons34.  To help replace a 

function of these dysfunctional MSNs, GPe microinfusion of GABAA α-1 receptor agonist, 

zolpidem, was proposed.  In ACA animals, zolpidem infusion would presumably decrease GPe 

outflow due to its relatively dense population of GABAA α-1 receptors.  Given the degree of GPe 

projections to SNpc DAergic neurons34,36,95, this decreased pallidal outflow could potentially 

exacerbate striatal hyperdopaminergia via their disinhibition.  It is hypothesized that lower dosages 
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of zolpidem in the GPe would elicit this harmful effect. However, the GPe strongly influences the 

firing properties of both nigral regions34,36 and the firing pattern of SNpc DA neurons is largely 

modulated by SNpr GABAergic neurons37.  Further, nigral GABAergic neurons are more sensitive 

to GABAA-mediated inhibition than nigral dopaminergic neurons, in part due to a more 

hyperpolarized GABAA reversal potential37.  Therefore, decreasing pallidal inhibitory drive 

should disinhibit these SNpr GABAergic neurons, and consequently increase their inhibitory drive 

onto DAergic SNpc neurons, thus reversing post-HIBI striatal hyperdopaminergia.  It is expected 

that this effect would result from larger doses of intra-GPe zolpidem. 

In terms of the voltammetric signals obtained from the FSCV experiment, inhibition of 

SNpc DAergic neurons would be represented as reduced amplitude and concentration of evoked 

DA, as well as a reduction in the initial DA release rate.  With regard to DA clearance and reuptake, 

an acute drug challenge may not be evident via reduced velocity of DA reuptake (Vmax).  5-min 

VF-CA animal models show a considerable upregulation of striatal DA transporter (DAT) as well 

via western blot analysis.  Concurrently, western blot analysis of experimental TBI models, which 

suggest a functional hypo-dopaminergia, show a corresponding decrease in Vmax and striatal 

DAT expression, suggesting that chronic changes in Vmax may occur as a compensatory 

mechanism to combat aberrant DA neurotransmission. Sham and Naïve animals would 

presumably react differently to intra-GPe zolpidem because they still retain normal striatal 

GABAergic outflow.  Further inhibiting the GPe may result in a suppression of striatal DAergic 

tone due to disinhibition of SNpr GABAergic neurons, and the corresponding voltammetric 

readouts in these animals may resemble the diminished DA neurotransmission observed in 

experimental TBI models.  However, zolpidem in the GPe will inhibit a combination of SNpr 

neurons and SNpc DAergic neurons.  At smaller doses, zolpidem may exert minimal effects on 
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striatal DA neurotransmission due to its mixed actions on SNpr and SNpc neurons combined with 

the striatal MSN inhibitory drive on SNpc DAergic neuron firing.  For any injury group, vehicle 

injections should exert minimal effects on voltammetric DA responses compared to animals not 

receiving any microinjections, and resemble similar responses observed for 5min- ACA, Sham, or 

Naïve animals6. 

Discussion  

This study evaluated the proposed effects of GABAergic modulation of the GPe, via 

zolpidem microinfusion, to reverse striatal hyperdopaminergia stemming from a 5-min ACA.  It 

is hypothesized that larger doses of intra-GPe zolpidem will help reverse striatal 

hyperdopaminergia by disinhibiting SNpr GABAergic neurons thus indirectly inhibiting SNpc 

DAergic neuronal firing, as described in figure 20. 

 

Figure 20: Proposed effects of intra-pallidal zolpidem 

Zolpidem microinjections into the GPe may disinhibit SNpr GABAergic neurons, thus re-introducing 

inhibitory drive onto SNpc DAergic neurons and reversing striatal hyperdopaminergia. 
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However, these DAergic neurons receive afferent input from other regions which 

complicate the effects of GPe modulation on SNpc neuronal firing.  The subthalamic nucleus 

(STN), another main output target of the GPe and a primarily glutamatergic region, may play a 

role in regulating DAergic neuron firing through NMDA receptor stimulation96–98. GPe inhibition 

will disinhibit the STN which may counteract the previously proposed effects of intra-GPe 

zolpidem on DAergic neuron firing. 

HIBI’s long-term effects on the basal ganglia circuitry should also be considered.  In 

addition to striatal, pallidal, and thalamic neuron damage/dysfunction, ischemic injury also 

delayed damage to SNr GABAergic neurons as early as three weeks following injury99.  As these 

neurons are the primary source of inhibition on nigral DAergic neurons, delayed SNr damage post-

HIBI likely exacerbates SNc disinhibition after the injury.  However, SNpr damage might allow 

other SNpc afferents to exert more influence over DAergic neuron firing, such as the smaller 

population of SNpc GABAergic neurons.   

In addition to striatal hyperdopaminergia that likely underlies post-HIBI motor 

impairments, CA survivors commonly suffer from DoC likely due to abnormal thalamocortical 

signaling mediated by tRN damage.  The tRN also has a very dense GABAA α-1 receptor 

population even compared to the GP91, further suggesting the idea that systemic zolpidem 

administration affects several different regions and at different capacities, which may explain the 

mixed effects of systemic zolpidem observed in animal models and clinical studies.   

Future work should evaluate the effects of intra-thalamic zolpidem injections as they may 

help replace the function of damaged tRN GABAergic neurons after CA.  Rather than FSCV, these 

studies could utilize electrophysiology techniques to evaluate changes in thalamocortical neuronal 

firing after intra-thalamic zolpidem administration. Additional work should continue exploring the 
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differential effects of systemic zolpidem administration vs. microinfusions at varied post-HIBI 

timepoints, and this can be done in concert with neuronal tissue staining and western blot analyses 

to further characterize the time-course of neuronal damage and protein expression changes that 

mediate HIBI-relevant symptomologies.  Though microinfusions pose practical obstacles for 

treating clinical populations, their use may offer key mechanistic insights to HIBI-induced 

neuronal dysregulation brought that drives motor and cognitive impairments, thus highlighting 

other therapeutic targets for treating CA survivors. 
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5.0 Discussion 

Cardiac arrest produces global cerebral ischemia that commonly results in HIBI among 

survivors.  Though limited, the use of acute neurological and physiological readouts suggests 

promise as prognostic tools for ischemic injuries, so we evaluated their utility in predicting long-

term behavioral outcomes.  HIBI results in disruptions DA neurotransmission, which under 

physiologic conditions, mediate motor, cognitive, and behavioral functions.  As such, how these 

injury severity readouts align with electrically stimulated DA neurotransmission outcomes was 

also explored.   

These results show that a neurological readout, as defined by the neurological deficit score, 

is a valuable predictor of survival after a 5-min ACA.  When comparing values between survivors 

and non-survivors, only NDS showed a significant difference of the three metrics evaluated, 

suggesting that acute mortality after the ACA is likely due to neurological injury rather than 

cardiovascular injury.  The Cox regression showed increases in NDS increase the hazard ratio of 

protocol exclusion either by death or severe distress by almost 40%.  NDS, lactate, and ABE 

covariate data from the Cox regression were also used to predict survival probabilities up to a week 

post-injury.  Even as estimated values, these prediction data may prove useful to pre-clinical 

technicians for honing experimental CA models.  Acute NDS was also significantly correlated 

with day 14 post-injury NDS, further suggesting their utility in predicting long-term neurological 

outcome after ACA.   

Spearman’s rank correlations showed associations between DA release-based metrics and 

lactate, and ABE, respectively, suggesting that these physiological readouts may align with ACA-

induced deficits at a more granular level than NDS.  Though ABE serves as a prognostic tool in a 
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clinical setting, the experimental ACA surgery procedure may influence these data.  For example, 

intravenous bicarbonate is administered to promote return-of-spontaneous-circulation (ROSC) by 

directly combating acidosis caused by the cardiac arrest.  As ABE is an inverse measure of 

acidosis, this resuscitation tool likely influences acute ABE values. 

Because DA neurotransmission abnormalities are likely related to commonly observed 

cognitive and behavioral impairments after HIBI, partial correlation analyses were employed to 

identify functional coupling between them before and after adjusting for NDS, lactate values, and 

ABE values.  The 85-dB and 95-dB sound bursts in the ASR assessment positively correlated with 

evoked DA at 1s (into electrical stimulation).  Sucrose preference inversely correlated with 

maximal evoked DA as well, suggesting a functional coupling between DA release-based metrics 

and behavior, in addition to physiological readouts.  Further, adjusting for ABE as a covariate 

attenuated the associations between ASR metrics and evoked DA at 1s, while strengthening the 

inverse association between sucrose preference and maximal evoked DA.  As described above, 

however, the influence ABE exerts over these long-term associations should be considered as a 

potential confound in an experimental CA setting. 

The neurological injury induced by circulatory arrest determines a patient’s prognosis after 

CA, and these injury-induced changes in cerebral blood flow (CBF) affect neuronal bioenergetics 

and result in neuronal damage/dysfunction that may drive DA neurotransmission and behavioral 

abnormalities.  Post-CA CBF properties also change over time which may drive neuronal damage 

and dysfunction100.  Cerebral perfusion after resuscitation is characterized by early hyperemia 

followed by hypoperfusion and, ultimately, restoration of normal blood flow approximately 72 hrs 

following resuscitation100.   At the level of microcirculation, CBF is heterogeneous and 

characterized by areas of no flow, low flow, and increased flow in certain brain regions101, such as 
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the “no flow phenomenon” observed, via animal models, in cortical capillaries101.  CBF directed 

therapies tested in animal CA models, such as the use of albumin102, have improved neurological 

outcome, suggesting that post-CA CBF alterations contribute to the development of HIBI.  

However, little work has been done in the clinical population for utilizing CBF directed therapies 

to improve neurological outcome after CA101.  Although the present study focused on the two-

week post-injury timepoint, preliminary data from our lab (not shown) shows dynamic changes in 

DA neurotransmission over time following HIBI. The energy deficiency caused by HIBI leads to 

a breakdown in neuronal concentration gradients, allowing for calcium influx that drives 

mitochondrial damage and cell death103.  Bioenergetic changes following HIBI may alter MSN 

activity as well, leading to dynamic changes in DA neurotransmission over time.  In the acute post-

injury phase, The HIBI-induced blood flow disruptions deprive MSNs of their energy reserves 

quickly due to their high metabolic demands, eliciting a rapid dissolution of their electrochemical 

gradients and cell depolarization104.  The resulting high MSN activity drives inhibition to MSN 

target regions including the GP and the SNpc, the latter of which may inhibit DA 

neurotransmission and lower striatal DA levels.  As these brain regions slowly recover from the 

initial injury, compensatory changes may continue to drive DA neurotransmission changes and 

dynamic neuronal dysfunction.  Future research should verify the rate at which HIBI depletes MSN 

energy reserves and how MSN depolarization impacts DA release.  Further, research should 

characterize MSN bioenergetic properties over time to elucidate their changes and how they may 

impact striatal DA neurotransmission over time. 

The neurobiological mechanisms underlying depression are not well understood.  

Depression symptoms like anhedonia implicate a number of highly interconnected brain regions, 

making it difficult for clinicians and researchers to elucidate its molecular mechanisms105.  HIBI 
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disrupts multiple brain areas directly and indirectly implicated in depression.  Researchers 

highlight the potential role of striatal DA aberrations as a potential mediator of depression 

symptoms. Early hypotheses have suggested a link between DA deficiency and depression because 

past research showed beneficial effects of dopamine precursors and agonists on ameliorating 

depressive symnptoms106.  The effects of experimental TBI generally align with this hypothesis, 

as TBI induces a suppression of striatal DA neurotransmission5, and post-TBI depression is well 

documented in clinical practice.  However, the results at hand show a robust state of striatal 

hyperdopaminergia as well as anhedonia after a 5-min ACA.  Additionally, the large inverse 

correlation between sucrose preference and maximal evoked DA derived from partial correlation 

analyses suggests that anhedonia increases in severity as striatal DA increases.   

A large body of animal research focuses on the hippocampus and frontal cortical regions 

as key mediators of depression107, both of which are selectively vulnerable to HIBI.  There is some 

evidence of reduced hippocampal volumes in depressed or PTSD patients108.  As the hippocampus 

exerts inhibitory control over the hypothalamic-pituitary-adrenal (HPA) axis, a decline in 

hippocampal function may contribute to hypercortisolemia observed in a population of depressed 

patients109,110.  One study used positron emission tomography to identify abnormal hippocampal 

and cortical blood flow in depressed individuals111.  The thalamus may also contribute to post-

HIBI depression.  Neuronal damage in the thalamic reticular nucleus (tRN), brought on by global 

ischemia, leads to elevated firing rates of thalamocortical neurons70, and impaired thalamocortical 

connectivity with the prefrontal and anterior cingulate cortices (aCC) facilitates disorders of 

consciousness112.  Considering the aCC’s role in emotion processing, morality, impulse control, 

and other limbic behaviors, altered thalamocortical signaling after HIBI may mediate depression 

symptoms.   
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In addition to mechanical damage and neuronal dysfunction, brain injuries also elicit severe 

inflammatory responses which potentially drive a number of symptoms.  Sickness behaviors refer 

to behavioral changes that result from central neural activity changes.  These behaviors are often 

encountered during acute systemic infections and are an important adaptive survival 

mechanism113.  Depression is among the most common symptoms accompanying traumatic brain 

injuries114,115.  The high incidence of sickness behaviors with systemic inflammatory diseases 

occurring outside the CNS suggests that their association with these ischemic brain injuries is in 

part driven by inflammation.  With HIBI and its effects on basal ganglia circuitry, inflammation 

can strongly impact multiple parameters associated with striatal DA neurotransmission and affect 

functional connectivity between brain regions that behaviors including motor activity, depression, 

and anxiety43,44,116.  Experimental models of ventricular fibrillation cardiac arrest (VF-CA) 

demonstrate persistent striatal Iba staining46, suggesting striatal microglial activation in response 

to VF-CA.  Robust increases in tumor necrosis factor-alpha (TNFa) are also seen in the striatum 

after VF-CA46,117.  Taken with the minimal changes in striatal protein expression observed after 

VF-CA6, one hypothesis for hyperdopaminergia and the associated anhedonia/depression is 

ongoing neuroinflammation.   

The acoustic startle circuit is a reflexive, tri-synaptic pathway primarily localized to the 

pons and the spinal cord53,118.  Auditory information is translated into neural signals at the cochlear 

nuclei.  The cochlear nuclei then relay these signals via the 8th cranial nerve to the pontine reticular 

nucleus (PnC), a key contributor to sensorimotor integration and plasticity of the acoustic startle 

reflex (ASR)51,52.  PnC projections innervate hundreds of motor neurons, via the reticulospinal 

tract in the medial longitudinal fasciculus of the spinal cord, in response to the stimulus.   
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However, ASR disruptions are associated with neurological disorders like TBI and 

schizophrenia, which are not directly involved with this primary circuitry, and implicate aberrant 

DA signaling in these secondary brain regions.  TBI induces long-lasting ASR suppression without 

prompting degeneration of its essential neural circuit47. TBI does induce hippocampal and cortical 

cell death, however, suggesting that a primary cortical impact can influence brainstem circuit 

function.  Additionally, striatal DA neurotransmission suppression associated with experimental 

TBI models corroborates the idea that dopaminergic signaling directly influences the ASR.  

Other neurological disorders such as schizophrenia are characterized by overactive DA 

systems and dysregulated cortical-striatal circuitry and result in ASR hypersensitivity and PPI 

deficits48,49.  Our study demonstrated that a 5-min ACA results in ASR hypersensitivity and PPI 

deficits three days following the injury, and that ASR metrics correlated with evoked DA metrics, 

corroborating this positive relationship between ASR and DA signaling.  HIBI results in 

damage/dysfunction of metabolically vulnerable MSNs, particularly those expressing D2Rs, likely 

reducing striatal GABAergic outflow.  In turn, the globus pallidus loses a main source of inhibitory 

input, and the resulting increase in pallidal outflow indirectly disinhibits SNpc DAergic neurons.  

Recent studies utilizing tract tracing methods demonstrate that the SNpc directly exerts 

dopaminergic tone on the PnC119 in addition to its striatal and cortical projections, offering a 

potential mechanistic link for amplified ASR after ACA-induced HIBI. 
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Figure 21: Schematic of acoustic startle response pathway influenced by HIBI 

Ischemia-induced MSN dysfunction disinhibits the GP and indirectly leads to increased firing of SNpc 

DAergic neurons.  Because the SNpc directly innervates the PnC, a key region for mediating the acoustic 

startle response, HIBI may result in amplified acoustic startle responses due to increased SNpc outflow. 

 

 

Myoclonus refers to sudden, involuntary muscle jerks, shakes or spasms, and these 

abnormal involuntary movements are a hallmark feature of post-HIBI symptomologies. 

Mechanisms underlying post-hypoxic myoclonus (PHM) are not well understood but 

thought to arise due to neuronal hyperactivity following the ischemic brain injury120–122.  As such, 

antiglutamatergic and anticholinergic agents have been tested with some success to attenuate PHM 

in animal CA models, and to promote neuroprotection of hippocampal and cerebellar 

neurons123,124. Piracetam is a GABA derivative but through its modulatory actions on a range of 

neurotransmitter systems including cholinergic and glutamatergic, exerts robust anti-myoclonic 

effects in animal CA models and in humans124,125.  Though multiple therapeutic agents tested have 

successfully attenuated PHM, the neurobiological mechanisms underlying PHM and audiogenic 

seizures remain poorly understood.  One explanation for PHM is cerebellar damage, particularly 

the purkinje neurons, following ischemic brain injury. Basal ganglia circuits were considered to 

be anatomically and functionally distinct from cerebellar circuits126, but a number of subsequent 
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studies challenge this perspective.  A disynaptic projection between the cerebellar dentate nucleus 

and dorsal striatum have been described using retrograde transneuronal transport methods127.  

Another study links the cerebellar cortex and subthalamic nucleus128.  This work utilizing tract 

tracing methods provides evidence for substantial communication between the cerebellum and 

basal ganglia that is independent of the cerebral cortex128.  

This study shows robust occurrences of myoclonic responses two days following ACA, 

and other data (not shown) from our group shows that myoclonus persists at least twelve days 

following ACA.  Future research should utilize fluorojade staining to evaluate if cerebellar cell 

death correlates to occurrence of myoclonic responses, which may provide clues for the source of 

this phenotype after HIBI.  

Given the impact of ACA-induced HIBI on striatal MSNs as well as the larger associated 

basal ganglia circuitry, we evaluated the effects of chronic, systemic zolpidem administration on 

normalizing striatal DA neurotransmission and ameliorating HIBI-induced behavioral deficits.   

Maximal evoked DA were not significantly different between zolpidem-treated and 

untreated ACA animals.  However, ANOVA showed that zolpidem-treated (0.1mg/kg and 

0.2mg/kg) animals were not significantly different from Sham animals either, suggesting a very 

modest reduction in maximal evoked DA compared to the untreated ACA group.  Further, daily 

zolpidem had no apparent effect on DA release or DA reuptake kinetics, with outcomes remaining 

significantly different from sham animals for total DA released, initial DA release rate, and Vmax.  

With regard to reflexive behavior, the higher zolpidem dose (0.2mg/kg) normalized ASR outcomes 

for the 95-dB and 105-dB sound bursts but had minimal effect on reducing occurrence of 

myoclonic responses 2 days post-injury.  High dose zolpidem also had mild beneficial reductions 

in anhedonia compared to untreated ACA animals.  Similar to myoclonic responses, neither the 
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pooled group of low-and high-dose zolpidem-treated animals nor the high dose zolpidem group 

on its own significantly improved exploration or mobility in the open field.   

Interestingly, the high dose zolpidem groups showed a dichotomy of outcome for both 

dosages, broken up into “responders” and non-responders”.  The lack of significant zolpidem 

effects on behavior and DA neurotransmission could be due to the small sample size, but the basal 

ganglia’s dispersed distribution of GABA-A receptors and dynamic changes in neuronal 

damage/dysfunction resulting from HIBI greatly complicate the effects of systemic zolpidem 

administration. GABAA α-1 receptors are the principal target of zolpidem.  the α-1 subunit is the 

most abundant GABAA subunit and is found with variable distribution throughout the brain 1,2.  

Within the structures of interest, GABAA α-1 receptors are found in low concentrations in the 

striatum and SN, high concentrations in the GP, and very high concentrations in various thalamic 

nuclei including the tRN91.  SNpr GABA-A receptors mediate nigral GABAergic output, but these 

receptors are also found on DAergic SNpc neurons where their activation causes DA neuron 

inhibition.  In fact, 70% or more of SNpc DAergic neuron afferents are GABAergic37, and are 

largely projected from the SNpr.   

Neither low- or high-dose zolpidem significantly reduced evoked DA.  Considering the 

spatial distribution of GABAA α-1 receptors throughout the basal ganglia, systemic zolpidem 

administration may selectively bind pallidal GABAA α-1 receptors, thus increasing pallidal output.  

Whereas inhibition of pallidal output on the part of zolpidem presumably leads to a decrease in the 

firing of DA neurons due to disinhibition of SNpr GABAergic neurons, an increase in pallidal 

output may lead to burst firing in DA neurons and a significant increase in extracellular striatal 

DA37, despite its expected inhibitory effects on dopaminergic neuron firing.  Nigral GABAergic 

neurons are more sensitive to GABAA-mediated inhibition than nigral dopaminergic neurons, in 
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part due to a more hyperpolarized GABA-A reversal potential37.  This effect is so robust that the 

systemic administration of the GABA-A agonist, muscimol, leads to an increase in spontaneous 

DA neuron firing rates130 and elicits an increase in striatal dopamine levels131,132.  Low-intensity 

electrical stimulation of these GABAergic afferents33 also prompts activation and asynchronous 

GABA release, preferentially inhibiting the more sensitive GABAergic neurons with only minimal 

direct effects on the dopaminergic neurons. This leads to a disinhibition of the dopaminergic 

neurons as the tonically active SNpr GABAergic neurons are silenced, resulting in an increase in 

burst firing and a consequent increase in striatal dopamine levels despite only a minimal increase 

in their firing rate35. Although all of these manipulations likely add some direct inhibition of nigral 

dopaminergic neurons, they remove a far greater amount by inhibiting the tonically active SNpr 

GABAergic neurons.  Given the dichotomy in behavioral outcomes observed with the high dose 

zolpidem group, higher zolpidem concentrations may mediate this SNpc disinhibition that 

exacerbates striatal hyperdopaminergia.  Future work should assess DA neurotransmission in ACA 

animals given higher doses of zolpidem in order to elucidate the effects of higher zolpidem 

concentrations on striatal DA levels.  

Regional differences within the dorsal striatum relative to electrode placement during 

FSCV studies may have also impacted varied DA responses.   The dorsal striatum is also a 

functionally heterogeneous region, with microstructure differences in the grey and white matter 

(a.k.a. striata) as well as neurochemically distinct striosome and matrix compartments, and these 

distinct compartments exhibit differing DA release properties133,134.  Though our FSCV studies 

employed consistent coordinates for carbon fiber electrode placement, heterogeneity from animal 

to animal may have led to variations of electrode placement relative to different striatal 

compartments, thus affecting FSCV data readouts.  Future work should also contextualize this 
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heterogeneity in DA neurotransmission relative to ACA to further characterize HIBI-induced DA 

neurotransmission deficits in the D-STR. 

The opposing action of DA and ACh also plays an important role in basal ganglia 

physiology. MSN output is modulated by striatal aspiny cholinergic interneurons and DAergic 

stimulation of MSNs is modulated by cholinergic input from aspiny neurons and from 

glutamatergic cortico-striatal afferents. These are tonically active, pacemaker neurons that in turn 

receive inhibitory dopaminergic projections from the SNpc86,135, forming a dynamic equilibrium 

which, when disrupted, drives severe behavioral deficits136,137 and movement disorders resembling 

those associated with PD and HD. PD patients experience a pathologic gain of aspiny Ach output, 

perhaps consequently from reduced nigrostriatal dopaminergic tone135,138, whereas HD is 

characterized by a relative loss in striatal Ach signaling that may contribute to movement 

disorders86,138.  The relative overabundance of striatal DA seen after HIBI likely causes tonic 

inhibition of striatal cholinergic interneurons which, combined with the loss of aspiny ACh output 

due to MSN damage after HIBI, drive motor abnormalities and DoC that impair function after CA.  

Aspiny ACh interneurons exert their effect by acting on MSN muscarinic receptors.  M4 activation 

on D1 MSNs blunt MSN output while M1 activation on both D1 and D2 MSNs provides an 

excitatory effect86,139.  M5 receptors also regulate DA release by mediating its release in the SNpc 

whereas they inhibit DA release from terminals in the striatum140.   

Donepezil, an acetylcholinesterase inhibitor widely used in Alzheimer’s and dementia 

spectrum disorders, has the potential to modulate cholinergic and dopaminergic pathways in the 

basal ganglia, suggesting promise for its use to modulate post-HIBI movement disorders.  Recent 

studies in mice have demonstrated improved hyper-dopaminergic striatal function with 

administration of donepezil, effectively elevating acetylcholine levels in the striatum and 
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counteracting dopaminergic-driven inhibition87.  Recent clinical case studies report improved 

arousal and ameliorated motor impairments with a combined administration of donepezil and 

zolpidem63.  The addition of cholinergic modulation (via donepezil) combined with zolpidem may 

synergistically counter striatal aspiny ACh interneuron inhibition that drives DA signaling 

disruptions and motor disorders, as well as normalize thalamocortical signaling to rectify DoC 

post-HIBI. This dual therapy approach may help each individual treatment work more effectively 

while also limiting their potentially deleterious effects on this ACA-relevant circuitry.  Donepezil 

administration may help reverse striatal hyperdopaminergia by normalizing general MSN firing 

and the D1 MSN vs. D2 MSN firing mismatch associated with the D2 MSN selective vulnerability 

to HIBI.  Increasing D2 MSN firing will in turn reduce GPe output, which indirectly drives 

inhibition onto SNpc DAergic neurons.  Further, because over-activation of D1 MSNs elevates 

thalamocortical signaling, donepezil may help to ameliorate post-HIBI DoC by reducing D1 MSN 

firing.   
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Figure 22: Effects of HIBI on basal ganglia circuitry before (A) and after (B) systemic donepezil administration. 

(A) HIBI causes damage/dysfunction to striatal MSNs, particularly those expressing D2Rs.  This

mismatch is aggravated by striatal hyperdopaminergia, which chronically inhibits aspiny ACh

interneurons, thus over-activating D1 MSNs and over-inhibiting D2 MSNs 

(B) Donepezil may reverse striatal hyperdopaminergia by reducing D1 MSN firing and increasing D2

MSN firing through increased cholinergic effects on M4 and M1 muscarinic receptors, respectively. 

Donepezil may reduce DA levels in the setting of hyperdopaminergia directly by M5 effects at DA

terminals to decrease DA release. 

Though HIBI results in amplified GPi inhibitory drive which would presumably suppress 

thalamocortical signaling, animal models show elevated thalamocortical neuronal firing after 

CA70,71.The dense population of thalamic GABAA- α-1 receptors suggests systemic zolpidem may 

dominantly exert its effects in the thalamus, helping to normalize thalamocortical signaling as well.  

Combined with the increased D2 MSN firing due to donepezil treatment, zolpidem may also help 

to reverse striatal hyperdopaminergia by reducing GPe outflow, indirectly driving inhibition onto 

SNpc DAergic neurons. 

Zolpidem’s use as a clinical tool to promote arousal and ameliorate motor impairments in 

the chronic post-cardiac arrest phase has very mixed results66–68,73–76,141.  For individuals who 
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respond positively to zolpidem in clinical settings, the benefit varies greatly but is generally 

characterized by short-term improvements in arousal closely associated with the timing of its 

administration66,74,76.  The present study employed lower dosages of zolpidem (0.1-0.2mg/kg) and 

an administration timepoint relative to subsequent behavioral assessments (20 minutes prior) based 

on previous animal work, which optimized zolpidem dosages for improving motor deficits in a 6-

OHDA lesion study, a common Parkinson’s disease model.  Future work should further titrate 

zolpidem administration dosages and timepoints that most effectively combat post-HIBI 

neurological sequelae.  
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6.0 Conclusion 

This study evaluated the utility of neurological assessments and physiological readouts, in 

the acute post-ACA phase, for predicting survival probability as well as long-term behavioral and 

DA neurotransmission outcomes.  The Cox regression model ran suggests promise for NDS as a 

useful prognostic tool.  Additionally, the partial correlation analyses employed revealed robust 

correlations between DA release-based metrics and reflexive and cognitive behavioral outcomes.  

Our zolpidem pilot study showed mixed effects in its systemic administration improving 

behavioral impairments and reversing striatal hyperdopaminergia, though the higher dosage 

evaluated reversed the amplified startle response seen after CA as well as post-CA anhedonia, as 

defined by ASR and sucrose preference testing, respectively.  

Future research should continue exploring the utility of different neurological assessments 

and acute physiological readouts in predicting long-term survival or behavioral outcomes after 

ACA.  Zolpidem’s effects at various dosages and various administration timepoints relative to 

behavioral assessments, as well as the empirical effects of zolpidem microinjections in different 

basal ganglia regions should also be explored in addition to the effects of combined cholinergic 

and GABAergic manipulations with donepezil and zolpidem, respectively.  With regard to FSCV, 

future work should also further characterize heterogeneity of DA neurotransmission properties 

among different strisomes and striatal matrix compartments by systematically changing 

measurement coordinates combined with voltammetric and/or electrophysiological recordings.  

The electrode placements can be histologically verified by identifying capillary tube damage in 

the striatum and where it is seen relative to the internal capsule or other anatomical landmarks.  

Additionally, CA research should continue working to unravel the mechanisms underlying HIBI-
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induced behavioral impairments with western blotting to evaluate protein expression changes after 

CA, as well as immunostaining techniques to characterize dynamic changes of 

microglial/astrocytic activation and inflammatory marker expression that may mediate aberrant 

DA signaling and post-CA functional impairments.  Lastly, the dynamic changes in bioenergetics 

after CA and how these changes affect neuronal dysfunction in the larger striatal-pallidal-thalamic 

circuitry should be explored, such as dynamic changes in cerebral blood flow over time – these 

insights may help to explain dynamic changes in DA neurotransmission or behavioral 

abnormalities observed at various timepoints following CA.   
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