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Background: The basal ganglia are vulnerable to injury 
during cardiac arrest. Movement disorders are a common mor-
bidity in survivors. Yet, neuronal motor network changes post-
arrest remain poorly understood.
Methods: We compared function of  the motor network in 
adult rats that, during postnatal week 3, underwent 9.5 min 
of asphyxial cardiac arrest (n = 9) or sham intervention (n = 8).  
Six months after injury, we simultaneously recorded local field 
potentials (LFP) from the primary motor cortex (MCx) and sin-
gle neuron firing and LFP from the rat entopeduncular nucleus 
(EPN), which corresponds to the primate globus pallidus pars 
interna. Data were analyzed for firing rates, power, and coher-
ence between MCx and EPN spike and LFP activity.
results: Cardiac arrest survivors display chronic motor defi-
cits. EPN firing rate is lower in cardiac arrest survivors (19.5 ± 2.4 
Hz) compared with controls (27.4 ± 2.7 Hz; P < 0.05). Cardiac 
arrest survivors also demonstrate greater coherence between 
EPN single neurons and MCx LFP (3—100 Hz; P < 0.001).
conclusions: This increased coherence indicates abnor-
mal synchrony in the neuronal motor network after cardiac 
arrest. Increased motor network synchrony is thought to be 
antikinetic in primary movement disorders. Characterization of 
motor network synchrony after cardiac arrest may help guide 
management of post-hypoxic movement disorders.

cardiac arrest affects almost 20,000 children per year in 
the United States (1,2). Long-term morbidity in survi-

vors largely depends on post-arrest neurologic function (2,3). 
Multiple brain structures are affected by the global hypoxia 
and ischemia that occurs with cardiac arrest, but the basal 
ganglia are particularly vulnerable (3–5). Consequently, post-
arrest movement disorders are common and often medically 
intractable (4,6).

The basal ganglia-thalamo-cortical network is a modulatory 
conduit for motor information (7,8). The striatum and subtha-
lamic nucleus (STN) receive cortical input to the basal ganglia. 
The internal segment of the globus pallidus (GPi) and the sub-
stantia nigra pars reticulata send basal ganglia output to the 

thalamus. Dopamine signaling gates striatal transmission of 
cortical input to the GPi and substantia nigra pars reticulata 
which can occur directly or indirectly via the external segment 
of the globus pallidus and the STN. The GPi and substantia 
nigra pars reticulata ultimately transmit this modulated motor 
information back to the cortex via the motor thalamus (7,8).

Electrophysiological changes in the basal ganglia have been 
extensively studied in multiple movement disorders, including 
Parkinson’s disease and primary dystonia. The normal basal 
ganglia rarely display oscillatory firing and most structures 
fire irregularly (8). In Parkinson’s disease, abnormally syn-
chronous β frequency activity (12–35 Hz) occurs within and 
between the GPi, STN, and the primary motor cortex (MCx) 
(7,8). Beta frequency activity decreases with dopaminergic 
therapy or with voluntary movement and increases with vol-
untary inhibition of movement, which suggests that excessive 
β frequency neuronal activity could be associated with abnor-
mal movement patterns (7).

Synchronous activity in the lower frequency ranges (θ and 
α, 3–12 Hz) may also be associated with abnormal movement, 
since it exists in the GPi in dystonia and correlates with dys-
tonic EMG activity (9–12). In contrast, neuronal activity in 
the GPi in the γ frequency range (35–100 Hz, primarily 60–90 
Hz) increases with voluntary movement in Parkinson’s disease 
and dystonia (13) and could be a signature of normal move-
ment patterns. Abnormal movements in these diseases could 
involve hypokinesis (as with bradkyinesia in Parkinson’s dis-
ease) or hyperkinesis (as with parkinsonian tremor or dystonic 
spasms). Frequency bands associated with abnormal move-
ments (hypo- or hyperkinesis) are called antikinetic, while 
frequency bands associated with normal movement are called 
prokinetic.

Animal models of cardiac arrest have allowed for the exami-
nation of electrophysiological changes in the brain after global 
hypoxic–ischemic injury. Neurons in the thalamic ventral 
posteromedial nucleus show increased firing rates acutely and 
chronically after cardiac arrest, reflecting decreased intratha-
lamic inhibition from the injured thalamic reticular nucleus 
(14). In addition to modulating intrathalamic activity, the 
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thalamic reticular nucleus is also poised to regulate transmis-
sion of oscillatory activity between basal ganglia output nuclei 
and the cerebral cortex (15). Abnormal synchrony in the basal 
ganglia-thalamo-cortical circuit would likely impair move-
ment in survivors of cardiac arrest, yet post-arrest changes in 
this circuit remain poorly characterized. In the present study, 
we examined long-term alterations in coherence between the 
rat homologue of GPi, the entopeduncular nucleus (EPN), and 
the MCx in adult rats that survived asphyxial cardiac arrest 
and resuscitation during development.

RESULTS
We analyzed EPN single units, EPN local field potentials 
(LFPs), and MCx LFPs in rats 6–9 mo after they underwent 
either cardiac arrest (n = 9 rats, 87 EPN units) or a sham 
intervention (n = 8, 92 EPN single units) on postnatal day (P) 
17–19. We also examined motor function in a separate cohort 
of rats after cardiac arrest (n = 13) or sham intervention (n = 
11). Therefore, these results reflect chronic changes within and 
between the EPN and the MCx in adult rat survivors of cardiac 
arrest during development.

EPN Single Unit Activity After Cardiac Arrest
Firing rates of EPN neurons are 30% lower in rats after cardiac 
arrest compared with sham rats (19.5 ± 2.4 vs. 27.4 ± 2.7 Hz; 
t-test; P < 0.05; Figure 1). Under our recording conditions, fir-
ing rates of EPN neurons in sham animals are similar to those 
reported previously in awake rats (29.0 ± 1.6 Hz) (16) and freely 
moving rats (26.0 ± 3.1 Hz) (17). Raw EPN spike power is lower 
in rats after cardiac arrest compared with sham animals across 
all frequency bands (two-way ANOVA; P < 0.01; Figure 1), but 
there is no difference between groups when EPN spike power 
is normalized to total EPN spike power across all frequencies 
(two-way ANOVA; P = 0.12; Figure 1). Since EPN spike power 
depends on EPN firing rate (see Methods), decreased power 

in rats after cardiac arrest compared with sham animals likely 
reflects the lower firing rates of EPN neurons in cardiac arrest 
survivors.

Coherence Between EPN Spike, EPN LFP, and MCx LFP After 
Cardiac Arrest
Despite decreased EPN firing rates, coherence between EPN 
spike activity and MCx LFP significantly increased after car-
diac arrest. In sham rats, coherence between EPN spike and 
MCx LFP was significant only in very low frequency ranges 
(less than 3 Hz). In rats after cardiac arrest, coherence became 
significant across all frequency bands (ANOVA; student’s 
t-test; P < 0.001). Coherence in the 20–22 Hz frequency range, 
at the threshold between the low and high β bands, is notably 
outside of the 95% confidence interval (P < 0.05; Figure 2). 
These data indicate increased synchrony between the EPN and 
MCx chronically after cardiac arrest, particularly in the antiki-
netic β frequency range.

EPN spike activity and EPN LFP were not significantly coher-
ent with each other, a relationship that remained unchanged 
after cardiac arrest (Figure 2). This is similar to what has been 
previously described in the analogous primate GPi (18,19). 
In contrast, EPN LFP and MCx LFP demonstrate significant 
coherence in sham rats (Figure 2). After cardiac arrest, coher-
ence between EPN and MCx LFPs is significantly decreased 
(ANOVA; P < 0.0001; Figure 2).

EPN LFP Power and MCx LFP Power Remain Unchanged After 
Cardiac Arrest
There is a trend toward decreased EPN LFP power, especially 
in the θ and α frequency bands, in rats after cardiac arrest 
(Figure 3). Although this trend is still present after normal-
ization to total power across the 0–100 Hz range (Figure 3), 
it does not reach statistical significance. MCx LFP power also 
shows no significant difference between rats after sham arrest 

Figure 1.  EPN spike characteristics after cardiac arrest and sham arrest. EPN firing rate (left), spike power spectra across 0–100 Hz (middle), and average 
spike power across frequency bands (right) are shown with SE (vertical error bars). Raw power (top row) was normalized (bottom row) by dividing power 
spectra by total power across 0–100 Hz. Asterisks indicate significant differences in rate or power between cardiac arrest (black) and sham arrest (gray): 
**ANOVA to compare spectra, *Student’s t-test with Bonferroni correction to compare average power, P < 0.05. EPN, entopeduncular nucleus.
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and cardiac arrest in both the raw spectra and when normal-
ized to total power across the 0–100 Hz range (Figure 3).

Evaluation of Motor Function
Immediately after cardiac arrest and resuscitation, rats dem-
onstrate stiff extension of lower extremities (Figure 4a). For 
the next 5–7 d, rats continue to demonstrate motor deficits 
with stiff extension of the lower extremities, impaired loco-
motion, and increased hindlimb clasping with tail suspension 
(Figure 4b). Motor deficits become more subtle 7–9 mo later. 
Chronically, the number of rearing events during a 10-min 
interval was not statistically different between cardiac arrest 
(39 events) and sham rats (42 events; Mann–Whitney U-test 
z = −0.76; P = 0.22). Evaluation of more complex motor func-
tion using a modified Metz ladder rung test (20), however, 
reveals persistent deficits. Cardiac arrest rats made more 
hindlimb (1.2 vs. 0.6), forelimb (2.6 vs. 1.9), and total errors 
(3.8 vs. 2.5) than sham rats (Figure 5; Mann–Whitney U-test 
z = 1.77; P = 0.038).

DISCUSSION
These results are the first to show chronic electrophysiologic 
changes in the neural network governing movement after car-
diac arrest. Decreased EPN firing rates and increased coher-
ence between EPN spike activity and MCx LFP may contribute 
to the movement disorders observed in cardiac arrest survivors.

Decreased EPN Firing Rate May Reflect Decreased Excitatory 
Input From the STN After Cardiac Arrest
Decreased EPN firing rates are suggestive of either increased 
inhibitory input or decreased excitatory input to the EPN. 
Like the primate GPi, the EPN receives inhibitory GABAergic 
input from the caudate, putamen, and the globus pallidus pars 
externa and receives excitatory glutamatergic input from the 
STN (21). The putamen, globus pallidus pars externa, and STN 
all exhibit neuronal loss after hypoxic–ischemic brain injury 
(4,5,22). As damage of the putamen and globus pallidus pars 
externa would result in decreased inhibitory input to the EPN 
(and consequently increased EPN firing rates), these results 
support decreased excitatory input from a damaged STN as 
the predominant mediator of EPN firing rates after asphyxial 
cardiac arrest. Noting that the STN also sends sparse projec-
tions to the MCx (23–25) and that LFPs largely reflect synaptic 
input activity (26), disruption of shared excitatory STN input 
to the EPN and MCx could also contribute to the decreased 
coherence between EPN LFP and MCx LFP observed after car-
diac arrest.

STN damage may be more associated with dystonic move-
ment disorders post-arrest (27) as opposed to other post-
arrest movement disorder phenotypes like parkinsonism (4). 
Decreased GPi firing rates have also been shown in dystonia 
(12) while GPi firing rates are typically unaffected with par-
kinsonism (12,16,28). Furthermore, in accordance with the 

Figure 2. EPN spike and EPN-MCx LFP coherence characteristics after cardiac arrest and sham arrest. Coherence between EPN spikes and MCx LFP (top 
row), EPN spikes and EPN LFP (middle row), and EPN LFP and MCx LFP (bottom row) are shown with SE (vertical error bars). The left-hand column shows 
coherence spectra across 0–100 Hz. The 95% confidence interval for coherence averaged across all frequencies is shown for EPN spike coherence with 
MCx LFP in rats after cardiac arrest (shaded box, 95% CI: 0.026–0.90). The right-hand column shows the average coherence across different frequency 
bands. The significant coherence level of 0.03 between spike and LFP recordings is indicated by horizontal dashed lines (P < 0.05). Asterisks indicate 
significant differences in coherence between cardiac arrest (black) and sham arrest (gray): **ANOVA to compare spectra, *Student’s t-test with Bonferroni 
correction to compare average power, P < 0.05. EPN, entopeduncular nucleus; LFP, local field potentials; MCx, motor cortex.
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Figure 3. EPN and MCx LFP characteristics after cardiac arrest and sham arrest. EPN LFP power (top two rows) and MCx LFP power (bottom two 
rows) are shown with SE (vertical error bar). Power and coherence spectra across 0–100 Hz (left) and average power and coherence across different 
frequency bands (right) are shown. Raw power (first and third rows) was normalized (second and fourth rows) by dividing power values by total 
power across the 0–100 Hz frequency range. The significant coherence level of 0.03 between LFP recordings is indicated by horizontal dashed lines 
(P < 0.05). There are no significant differences in power or coherence between rats after cardiac arrest (black) vs. sham arrest (gray). EPN, entopedun-
cular nucleus; LFP, local field potentials; MCx, motor cortex.
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Figure 4. Short-term motor deficits in immature rats after cardiac arrest and resuscitation. (a) Four hours after cardiac arrest and  
resuscitation, the hindlimbs are held in stiff extension. (b) One day later, the hindlimbs still demonstrate increased tone. (c) Sham rat 1 d after sham 
intervention.
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low coherence between EPN spike and EPN LFP shown in rats 
after cardiac arrest, only 10% of GPi neurons are coherent with 
GPi LFP in dystonic patients (12). Therefore, decreased EPN 
firing rates and absence of EPN spike coherence with EPN LFP 
in the rodent asphyxial cardiac arrest model may correlate with 
motor network changes associated with post-arrest dystonia.

Synchrony Between Structures Within the Basal Ganglia-
Thalamo-Cortical Motor Network Increases After Cardiac Arrest
Increased EPN spike coherence with MCx LFP was observed 
chronically after cardiac arrest without increased coherence 
between EPN spike and EPN LFP (Figure 2). Increased EPN 
spike coherence with MCx LFP could be due to higher fidelity 
transmission of EPN output to the MCx. Given that LFP pri-
marily reflects synaptic input activity (26), another possibility 
is that increased EPN spike coherence with MCx LFP could 
reflect increased shared input between these structures after 
cardiac arrest. However, increased shared input between the 
MCx and EPN yielding increased EPN spike coherence with 
MCx LFP should also result in increased coherence between 
EPN spike and EPN LFP after cardiac arrest, which was not 
observed. Furthermore, decreased coherence between MCx 
LFP and EPN LFP after cardiac arrest is more consistent with 
decreased shared input between these structures. Therefore, 
increased EPN spike coherence with MCx LFP is most sug-
gestive of increased transmission of basal ganglia output to the 
MCx after cardiac arrest.

EPN output reaches the MCx via the ventrolateral tha-
lamic nucleus (29,30) with thalamic relay modulated by the 
inhibitory thalamic reticular nucleus (15,31). After cardiac 
arrest, loss or dysfunction of inhibitory neurons in the reticu-
lar nucleus (14) may result in pathologically robust thalamic 
transmission of EPN output to the MCx.

Increased synchrony within the basal ganglia-thalamo-corti-
cal motor network also occurs with loss of dopaminergic mod-
ulatory gating of cortical input to the striatum (7,8). Transient 
striatal increases in extracellular dopamine followed chroni-
cally by loss of striatal dopaminergic D2 receptor expression 
occurs after hypoxic–ischemic encephalopathy and in animal 
models of cerebral ischemia and cardiac arrest (32,33). This 
alteration of striatal dopamine signaling may potentiate basal 
ganglia-thalamo-cortical motor network synchrony after car-
diac arrest. However, loss of dopaminergic modulatory gat-
ing is unlikely to be the primary mediator of motor network 

pathology after arrest since our data indicates increased trans-
mission of basal ganglia output to the MCx via the thalamus. 
Diminished dopaminergic modulatory gating would instead 
manifest as increased transmission of MCx output to the basal 
ganglia via the striatum.

Increased EPN spike synchrony with MCx LFP was particu-
larly evident in a narrow β frequency range (20–22 Hz) after 
arrest (Figure 2). Beta activity is more characteristic of the par-
kinsonian GPi (7,8) while θ band oscillatory activity predomi-
nates in the dystonic GPi (9–12). However, oscillatory activity 
in both of these frequency bands, especially in the low β fre-
quency range of 12–20 Hz, is present and thought to be antiki-
netic in both Parkinson’s disease and dystonia (7,8,11,12).

Motor network synchrony observed in primary movement 
disorders and motor network synchrony observed chronically 
after cardiac arrest differ primarily in the range of affected 
frequencies. In primary movement disorders, increased syn-
chrony is almost exclusively observed in the θ, α, and β fre-
quency bands. In adult rodent survivors of cardiac arrest, 
increased synchrony is observed across all frequency bands 
(3–100 Hz) which includes the classically prokinetic γ band. 
This may be reflective of a different mechanism of basal gan-
glia-thalamo-cortical synchrony: increased synchrony in pri-
mary movement disorders is thought to be due to a loss of 
dopaminergic modulatory gating in the striatum while motor 
network synchrony after cardiac arrest may be more due to loss 
of inhibitory GABAergic modulatory gaiting in the thalamus. 
Increased synchrony across all frequency bands, including the 
prokinetic γ band, may also be due to progressive motor recov-
ery in these animals. Recording in these animals more proxi-
mal to the time of cardiac arrest, when they appear to show 
globally diminished movement, may show different frequency 
band patterns of motor network synchrony.

Clinical Correlates of Movement Abnormalities Observed in Rats 
After Recovery From Cardiac Arrest
Rats exhibited both acute and chronic motor impairments after 
recovery from cardiac arrest. Acutely, hindlimb stiff extension 
could be a corollary of the hindlimb predominant spasticity 
observed in patients after recovery from hypoxic–ischemic 
brain injury (3–6). Chronically, diminished ability to perform 
more complex ambulatory motor tasks could be suggestive of 
persistent milder appendicular spasticity, dystonia, ataxia, or 
a failure to adapt and execute motor plans in a novel setting. 

Figure 5. Long-term motor deficits in the Metz ladder rung test after cardiac arrest and resuscitation. Distribution of the number of hindlimb errors (left), 
forelimb errors (middle), and total errors (right, far right inset) in rats after cardiac arrest (black) vs. sham arrest (gray).
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Intact general locomotive drive, as evidenced by unchanged 
rearing frequency, makes it less likely that diminished motor 
volition was a primary contributor to motor errors. Ultimately, 
presence of a clear movement disorder chronically in rats after 
recovery from cardiac arrest is reassuring that the electrophys-
iological changes observed in the EPN and MCx could truly 
reflect motor pathology.

Functional Implications for Patients With Hypoxic–Ischemic 
Brain Injury
These results suggest that motor network electrophysiologic 
changes may contribute to movement disorders seen after 
cardiac arrest. This may help guide clinical management of 
posthypoxic movement disorders. For example, deep brain 
stimulation of the GPi results in dystonic motor improve-
ment in cerebral palsy patients (34,35). GPi deep brain 
stimulation may be effective in cerebral palsy patients by 
suppressing pathologic β oscillatory activity, as has been 
demonstrated in patients with primary dystonia (36) and 
Parkinson’s disease (37).

Future research can examine whether sensory stimulation 
or passive movement during recording results in modula-
tion of different oscillatory frequencies in the EPN and MCx. 
Electrophysiologic changes in the EPN and MCx could also be 
correlated with degree of functional impairment after cardiac 
arrest. Finally, simultaneous recording from the GPi and MCx 
intraoperatively in cerebral palsy patients undergoing deep 
brain stimulation electrode implantation for dystonia may 
help corroborate these results.

METHODS
Animals
All animal procedures were approved by the Institutional Animal 
Care and Use Committee at Washington University in St. Louis. Long 
Evans rats (Harlan Laboratories, Indianapolis, IN) were used for all 
experiments and were housed with their mothers until P30. Day of 
birth was designated as P1. For neurophysiologic experiments, the 
rats underwent either cardiac arrest (n = 9) or sham (n = 8) interven-
tion at P17–19. The experimenter was blind to the injury status of the 
rats at the time of the recordings, motor function evaluation, and data 
analyses.

Cardiac Arrest and Resuscitation
The model of developmental asphyxial cardiac arrest (Figure 6) has 
been described in detail previously (14) and was chosen to model pedi-
atric cardiac arrest, the majority of which is respiratory in etiology (1,2). 
Briefly, P17–19 rats underwent tracheal intubation and placement of 
femoral arterial and venous lines under isoflurane anesthesia. The rats 
were mechanically ventilated under neuromuscular blockade. Arterial 
blood pressure, electroencephalogram, and electrocardiogram were 
continuously monitored. Core body temperature was maintained at 
37 °C with a servo-controlled heating blanket. Two minutes prior to 
asphyxia, isoflurane was discontinued, and the animals were ventilated 
with room air. Such anesthetic washout is necessary to minimize the 
confounding effect of anesthesia on injury and recovery (38). At the 
end of 2 min, the animals are just beginning to emerge from anesthe-
sia based on EEG patterns but have yet to recover consciousness (14). 
After anesthetic washout, rats were disconnected from the ventilator 
for 9.5 min. Pulseless electrical activity, as demonstrated by EKG and 
the arterial pressure waveform, ensues within 60–90 s of apnea. After 
9.5 min of cardiac arrest, the rat was resuscitated with mechanical venti-
lation using 100% O2, intravenous epinephrine (0.01 mg/kg), NaHCO3 
(2 mEq/kg), CaCl2 (10 mg/kg), and manual chest compressions (≈300/
min). Upon return of spontaneous circulation, the rats additionally 
received a 20 ml/kg bolus of 5% dextrose in 0.9% NaCl intravenously 
to prevent dehydration. A post-arrest arterial blood gas was obtained 
10 min after return of spontaneous circulation, and an additional dose 
of NaHCO3 was given for a metabolic acidosis with pH < 7.3. Arterial 
and venous lines were then removed, all wounds were closed, and upon 
return of spontaneous respiratory effort (≈1 h), mechanical ventilation 
was discontinued. The rats were observed for an additional 1 h in a 
chamber with 100% O2 and then returned to the mother. The survival 
rate in this model is ≈85%. Sham intervention consisted of all anesthetic 
and surgical procedures except the asphyxia and resuscitation.

Surgical Preparation for Electrophysiologic Recordings
Six to nine months after cardiac arrest and resuscitation, the rat under-
went tracheotomy and placement of external jugular venous and femoral 
arterial catheters under isoflurane anesthesia. The rat was then trans-
ferred to a stereotaxic apparatus (David Kopf Instruments, Tujunga, 
CA) for craniotomy, ground screw placement, and electrode placement. 
Craniotomies (≈2 mm2) were performed through the skull overlying the 
MCx, 1.5 mm rostral to bregma and 3.0 mm lateral to midline, and the 
EPN, 2.3 mm caudal to bregma and 3.0 mm lateral to midline (39). Dura 
mater was left intact and was bathed with normal saline throughout the 
recording. A ground screw was placed through the skull and fixed with 
dental acrylic. Mechanical ventilation using a volume-controlled Inspira 
ventilator (Harvard Apparatus, Holliston, MA) was initiated using tidal 
volumes of ≈8 ml/kg and rates of 60 breaths/min. Neuromuscular block-
ade was initiated with a bolus dose of vecuronium bromide (1.5 mg/
kg) and maintained with a continuous infusion of vecuronium (1 
mg·kg−1·h−1) in 5% dextrose/0.9% NaCl for the remainder of the experi-
ment. The rat was transitioned from isoflurane to fentanyl analgesia 
using continuous fentanyl infusion at 10 μg·kg−1·h−1. At these doses, the 
rats enter a state of dissociative analgesia without compromise of thala-
mocortical network dynamics observed under anesthesia (40).

The rat’s physiologic state during the recording session was con-
tinuously monitored as described previously (14). Briefly, tempera-
ture was maintained at 37 °C using a servo-controlled heating blanket 
(Harvard Apparatus). Intra-arterial pressure and heart rate were 
monitored using a blood pressure monitor (WPI, Sarasota, FL) con-
nected to the arterial line via a pressure transducer. If mean arterial 
pressure did not remain in the appropriate range, experiments were 
discontinued. Adequate analgesia was assured throughout the record-
ing session by lack of mean arterial pressure and heart rate elevation 
in response to gentle touch. At the end of the recording session, the 
rats were killed and perfused transcardially.

Electrophysiologic Recordings
Extracellular recordings were obtained using stainless steel microelec-
trodes (6–8 MΩ impedance at 1 kHz; FHC, Bowdoin, ME). For MCx 
LFP recordings, an electrode was advanced at 20° from the perpendic-
ular to a depth of 1.0 mm using the stereotaxic arm to target MCx layer 

Figure 6. Schematic of the asphyxial cardiac arrest model in developing 
rats. ABG, arterial blood gas; CA, cardiac arrest; CPR, cardiopulmonary 
resuscitation; FiO2, fraction of inspired oxygen; MV, mechanical ventilation.
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V (which receives input from basal ganglia via the ventral lateral tha-
lamic nucleus). For EPN recordings, the electrode was advanced per-
pendicularly to the pia using a hydraulic micropositioner (David Kopf 
Instruments). The EPN was localized relative to the ventral postero-
medial and ventral posterolateral nuclei. Both in sham animals and in 
animals after cardiac arrest, entry into ventral posteromedial and ven-
tral posterolateral was signaled by an abrupt increase in spontaneous 
and evoked neural activity, which abruptly decreased after exit from 
these structures. Traversing the internal capsule over a 500 μm range 
inferior to the ventral posterolateral margin was associated with rela-
tive electrophysiological silence. Entry into the EPN was then signaled 
by abrupt increase in neuronal activity. Exit past the inferior margin of 

the EPN into the inferior portion of the internal capsule was again sig-
naled by relative electrophysiological silence (39). The raw wide-band 
signal was passed through a headstage at 1× amplification, digitized at 
40 kHz/channel with Omniplex DigiAmp (Plexon Inc, Dallas, TX) and 
then digitally filtered between 300 Hz and 10 kHz for spike trains and 
between 1 and 300 Hz for LFP recordings. Wide-band, LFP, and spike-
train signals were stored in .plx format for further analyses.

Electrophysiologic Data Analysis
Five to ten minutes of baseline activity were recorded simultane-
ously from the MCx and the EPN for each isolated EPN single unit. 
From this recording, continuous 300 s of data free from artifacts were 

Figure 7. Example spectrograms of simultaneously recorded MCx (left) and EPN (right) LFPs in rats after sham arrest (top row) and cardiac arrest (bottom 
row). LFP power between 3 and 100 Hz remained stable over the 300-s period used for data analysis in both structures in all recordings. LFP, local field 
potentials; MCx, motor cortex.
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Figure 8. Localization of the EPN on a cresyl violet–stained 10 μm rat brain slice. The electrode tract (dashed line) can be clearly visualized passing 
through the EPN (oval) in this slice ~2.5 mm posterior to bregma (39). The straight line shows the border of inferior border of the thalamic reticular 
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selected. Single units were isolated from EPN recordings using the 
Plexon Offline Sorter (Plexon) by direct visualization of 3D waveform 
clusters in principal component space. All single units had interspike 
intervals >1 ms. At most, two single units were recorded simultane-
ously on a single electrode in EPN.

NeuroExplorer 4.0 (Nex Technologies, Madison, AL) was used for 
firing rate, power, and coherence data analyses. Firing rate for each 
cell was calculated as the average firing rate across the 300 s recording 
period. Fast Fourier transform (FFT) analysis was used to determine 
the power spectral density of spike trains (calculated using the rate 
histogram for each window, de-trended by subtraction of its linear 
regression) and LFPs for each 300 s data segment using a block size 
of 512 across the 0–100 Hz frequency range. Power spectral density 
plots of simultaneously recorded LFPs from the MCx and EPN were 
examined over the 300 s recording duration to ensure that LFP power 
spectra were stable across all frequencies over time, indicating stable 
states of motor volition during the recording (Figure 7) (7,13).

Coherence between neuronal spiking activity and LFP activity 
across the 0–100 Hz frequency range was calculated as follows: (i) 
each 300 s data segment was divided into 5 ms bins; (ii) 117 nonover-
lapping blocks consisting of consecutive 512 bins were allocated (2.56 
s windows); (iii) FFTs and the complex conjugate (Conj) of the FFTs 
were calculated for each block; (iv) individual and cross-densities 
were calculated between the reference MCx LFP signal (X) and the 
target EPN LFP or spike activity signal (Y):

P FFT X Conj FFT X
P FFT Y Conj FFT Y
P FFT X C

XX

YY

XY

= ( ) ( )( )
= ( ) ( )( )
= ( )

*
*
* oonj FFT Y( )( )

(v) Pxx, Pyy, and Pxy values were averaged across all blocks. 
Coherence values were calculated as:

C Mean P Mean P Mean PXY
2

XX YY= ( )( ) ( ) ( )( )/ *

Coherence statistical significance was determined from the follow-
ing equation:

Ccrit
1 L 11 1= − − −( ) /( )α

where α is the confidence limit and L is the number of windows. 
For this study, α = 0.95 and L = 117. Hence, Ccrit = 0.03, and coher-
ence >Ccrit was considered statistically significant. Coherence between 
LFP signals in EPN and MCx was calculated similarly. In addition to 
examining power and coherence spectra across the 0–100 Hz range, 
average power and coherence was also determined for each of six 
functionally significant frequency bands: θ (3–8 Hz), α (8–12 Hz), 
low β (lo β, 12–20 Hz), high β (hi β, 20–35 Hz), low γ (lo γ, 35–60 
Hz), and high γ (hi γ, 60–100 Hz). Firing rate, spike power, and spike-
to-LFP coherence were averaged across all cells. LFP power and LFP-
to-LFP coherence were averaged across rats.

Data are presented as the mean ± SEM and were statistically evalu-
ated with grouped t-test or ANOVA. Criterion of significance was P 
< 0.05.

Histology
Rats used in neurophysiologic recordings were perfused with 4% 
paraformaldehyde, their brains were extracted, postfixed for 24–48 h 
at 4% paraformaldehyde and then for an additional 12 to 14 h in 70% 
ethanol. Brains were embedded in paraffin, sliced into 10 μm sections, 
and stained with cresyl violet. Intraoperative localization of recording 
electrodes in EPN was confirmed postmortem by direct visualization 
of the electrode tracks (Figure 8).
Assessment of Motor Function
A separate cohort of 7–9-mo-old rats that underwent either a sham 
intervention (n = 11) or asphyxial cardiac arrest during the third post-
natal week (n = 13) was tested on a modified Metz ladder rung test 
(20). The ladder rung apparatus consisted of two clear polycarbon-
ate walls 1 m in length and 0.2 m in height with metal rungs 3 mm 
in diameter placed at 2 cm intervals at the bottom of the walls. Rats 
were allowed one practice run followed by a test run. Each rat was 
tested once to minimize the effect of pattern learning on motor 

performance. Rats were recorded with a digital camera (Panasonic 
HDC-TM80; Panasonic, Osaka, Japan), and performance was ana-
lyzed offline. The errors were scored when the rat completely missed 
the rung resulting in a fall or when one of the paws slipped off the 
rung resulting in a fall. Only the first paw to fail in a gait cycle was 
scored as an error. Scoring resumed once all paws were repositioned 
on the rungs. Using the same cohort, we additionally analyzed gen-
eral locomotion by measuring the number of rearing events during 
a 10-min period when rats were placed in clear-walled plastic box 
(0.5 × 0.5 × 0.75 m). All testing was conducted during the day. Results 
of both the Metz ladder rung test and the rearing test were analyzed 
using the Mann–Whitney U-test with the null hypothesis that cardiac 
arrest rats perform as well as sham rats on each task.
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