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Background: Lethal apnea is a significant cause of acute mortality following a severe traumatic brain injury
(TBI). TBI is associated with a surge of adenosine, which also suppresses respiratory function in the brainstem.
Methods and Materials: This study examined the acute and chronic effects of caffeine, an adenosine re-
ceptor antagonist, on acute mortality and morbidity after fluid percussion injury.
Results: We demonstrate that, regardless of preinjury caffeine exposure, an acute bolus of caffeine given
immediately following the injury dosedependently prevented lethal apnea and has no detrimental effects on
motor performance following sublethal injuries. Finally, we demonstrate that chronic caffeine treatment
after injury, but not caffeine withdrawal, impairs recovery of motor function.
Conclusions: Preexposure of the injured brain to caffeine does not have a major impact on acute and
delayed outcome parameters; more importantly, a single acute dose of caffeine after the injury can prevent
lethal apnea regardless of chronic caffeine preexposure.
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Introduction

Severe traumatic brain injury (TBI) causes over

50,000 deaths per year in the United States,1 half of

which occur before hospital admission.2 Apnea and im-

paired respiration are significant risk factors for lethal

outcome, with apnea duration directly related to injury se-

verity.3 For first responders, airway management and sta-

bilization for transport to a trauma center are essential to

minimize mortality and secondary injury4; accordingly,

endotracheal intubation and mechanical ventilation are

widely practiced. However, worldwide studies have dem-

onstrated that prehospital intubation does not have a pro-

tective effect, and may even be deleterious.5–8 In contrast,

once a patient is admitted, intubation is an essential com-

ponent of successful critical care. While it is still not en-

tirely clear why prehospital intubation can be detrimental,

hypotheses center on the difficulty of field intubation, me-

chanical ventilation, and respiratory monitoring. An ef-

fective treatment to prevent apnea in the critical period

after TBI could save thousands of lives each year.

TBI is associated with a massive surge of adenosine in

the brain, which typically acts as an endogenous neuro-

protective response.9 Although this adenosine surge lim-

its the spatial and temporal extent of the injury,10 the

resulting excess in adenosine needs to be metabolized ef-

fectively to avoid excessive postinjury depression. In the

adult brain, the metabolic clearance of adenosine is

largely under the control of astrocytes expressing equili-

brative nucleoside transporters and the adenosine remov-

ing enzyme adenosine kinase (ADK).11,12 Astroglial

ADK thereby forms a ‘‘metabolic sink’’ for adenosine.

Three lines of evidence support a critical role of adeno-

sine and defects in its metabolic clearance for the devel-

opment of lethal apnea: (i) lethal apnea following a

severe TBI shares a similar etiology with sudden infant

death syndrome (SIDS),13,14 a condition that was mim-

icked by the genetic deletion of ADK in mice: 35% of

all ADK-deficient pups died within the first 4 days of life

and most cases of sudden death were accompanied by pro-

longed apnea.15 (ii) Severe TBI is associated with a surge

in adenosine, and high CSF levels of adenosine correlated
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with lethal apnea in human subjects.16 Conversely, an

acute bolus of caffeine given immediately after severe

TBI in rats prevented lethal apnea.17 (iii) A combination

of a seizure with pharmacological disruption of metabolic

adenosine clearance triggered lethal outcome with periods

of irregular breathing, prolonged apnea, and respiratory se-

cretions in normal mice.18 Conversely, a single acute dose

of caffeine attenuated this outcome. Thus, excessive levels

of adenosine in the brain constitute a candidate mechanism

to trigger lethal apnea following a severe TBI.

Adenosine controls neuronal excitability largely by stim-

ulation of inhibitory Gi or Go containing G protein-coupled

adenosine A1 receptors (A1Rs) and facilitatory Gs contain-

ing G protein-coupled A2A receptors (A2ARs),19,20 whereby

increased activation of the A1R mediates the neuroprotec-

tive activity of adenosine.21–24 In addition, adenosine regu-

lates respiratory processes in the brainstem through both A1

and A2AR activation, and can thereby cause respiratory dys-

function when receptors are overstimulated.25,26 In the

brainstem, the A2AR is expressed in regions of the medulla

oblongata containing GABAergic neurons.27 Several lines

of evidence suggest that A2AR activation may suppress res-

piration by GABAergic inhibition of arousal-promoting

neurons in the brainstem.28,29 It is important to note that,

while A2ARs are abundantly expressed in brainstem, the ex-

pression of this receptor subtype in the seizure-generating

limbic system is low20; thus, A2AR antagonists might

uniquely be suited to exert major effects on brainstem phys-

iology, while sparing seizure-generating brain areas. A2AR

antagonists (including caffeine) might therefore exhibit

respiration-promoting activities in the absence of increased

seizure risk and are consequentially of translational value.

In line with this, cerebrospinal fluid levels of caffeine are

positively correlated to improved clinical outcome after

TBI.30 Furthermore, the nonselective adenosine receptor

antagonists theophylline and caffeine are clinically used

in the treatment of apnea of prematurity.31

The methylxanthines caffeine and theophylline are in

widespread chronic use in the human population. There-

fore, it is fair to assume that a large proportion of TBI

victims are under chronic caffeination at the time point

of injury. Caffeine consumption exerts a rapid influence

on the brain function by adenosine A1 and A2A receptor an-

tagonism.32 Chronic caffeine consumption has an added

influence on adenosine signaling, causing regional and

dose-dependent changes in A1 and A2A receptor ex-

pression,33–35 modulating the influence of an injury-

induced adenosine surge. Clinical TBI management usu-

ally leads to a default withdrawal of caffeine after hospital-

ization. The behavioral effects of caffeine withdrawal are

well documented, including headache, drowsiness, and im-

paired concentration.36 Caffeine withdrawal is associated

with increased cerebral blood flow, likely by A2A receptor

signaling37; however, the physiology of caffeine with-

drawal and how it might influence outcome after TBI are

not well understood.

Our prior study in caffeine-naive (rats never exposed

to caffeine at the time of injury) rats demonstrated that

a single bolus of caffeine administered intraperitoneally,

immediately following a severe TBI, restored regular

breathing, preventing lethal injury-induced apnea.17 To

investigate whether caffeine-based therapeutic interven-

tions can be translated to human populations with varied

caffeine preexposure histories, we examined the efficacy

of acute, postinjury caffeine administration under a range

of potentially confounding caffeine consumption condi-

tions that included dose, chronic consumption, and with-

drawal. We also evaluated injury severity, to demonstrate

potential bidirectional outcome measures. We utilized

the lateral fluid percussion injury (FPI) model of TBI

in rats with acute lethal apnea as our primary outcome

measure. We used rotarod performance at 24 hours and

7 days after TBI to demonstrate whether caffeine admin-

istration influenced early recovery of motor function. Our

results suggest that an acute bolus of caffeine given im-

mediately following TBI may prevent lethal outcome in

a broad range of circumstances. Furthermore, acute caf-

feine treatment does not impair recovery of motor function

during the first week after TBI. Together, these results

justify future long-term studies to fully characterize

the behavioral, motor, and histological effects of caf-

feine rescue following severe TBI.

Methods

Animals

Procedures were conducted in a facility accredited by

the Association for Assessment and Accreditation of Lab-

oratory Animal Care according to protocols approved by

the Legacy Institutional Animal Care and Use Committee

and the US Army Medical Research and Materiel Com-

mand (USAMRMC) Animal Care & Use Review Office,

and guidelines from the National Institute of Health. Male

Sprague-Dawley rats (Charles River, Wilmington, MA)

were used for all studies. Rats were allowed 5–7 days

to acclimate before any experimental procedure.

Experimental design

Severe FPI was set at the median lethal pressure,

resulting in baseline mortality of 50% in caffeine-

naive rats, to explore both prosurvival and antisurvival

effects of different caffeine treatment paradigms. The

experiments presented in this study were performed in

three independent cohorts, described in Tables 1–3

and Figure 1. Within a cohort, rats were randomly distrib-

uted among preinjury caffeine consumption, injury level,

and postinjury caffeine level. To ensure that baseline in-

jury mortality remained constant throughout each cohort,

we calibrated the magnitude of ‘‘severe’’ injury to the

level resulting in 40–50% mortality in designated caffeine-

naive calibration-only rats, confirmed throughout the exe-

cution of each individual cohort. Mild and moderate injury
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levels were scaled accordingly within each cohort. To

blind the experimenter, each rat within a cohort was

assigned a unique ID number upon receipt for reference

in all further testing and randomly assigned to an experi-

mental group before FPI.

All rats in Cohort 1 (Table 1) were caffeine precondi-

tioned for 3 weeks before FPI. Following FPI, rats were

treated with a single bolus of caffeine or saline, and then

returned to their home cages with plain drinking water

for the 24-hour and 1-week assessments.

Rats in Cohort 2 (Table 2) were either caffeine pre-

conditioned for 3 weeks (0.3 g/L) or caffeine naive

(0 g/L) at the time of FPI. Following injury, surviving

rats were assigned to receive either chronic caffeine

(0.3 g/L) or plain drinking water during the 1-week post-

injury follow-up.

Rats in Cohort 3 (Table 3) were assigned to one of five

experimental groups: (i) caffeine naive (0 g/L chronic

caffeine), no pre-FPI caffeine bolus; (ii) caffeine naive,

single caffeine bolus (25 mg/kg) 1 hour before FPI; (iii)

caffeine preconditioned (0.3 g/L), no pre-FPI caffeine

bolus; (iv) caffeine preconditioned, single caffeine

bolus (25 mg/kg) 1 hour before FPI; or (v) caffeine pre-

conditioned for 3 weeks and caffeine withdrawn for 36

hours before FPI. All rats in Cohort 3 received plain

drinking water in their home cages during the 1-week

postinjury follow-up.

Caffeine dosing

Caffeine (Sigma-Aldrich, St. Louis, MO) was pre-

pared on the day of use. For the acute treatment of rats,

caffeine was prepared in sterile saline at 0–50 mg/mL,

and administered intraperitoneally (IP) at 1 mL/kg. In

Caffeine for the Sustainment of Mental Task Perform-

ance: Formulations for Military Operations (Institute

of Medicine- Consensus Study Report 2001) from the

Institute of Medicine, an acute dose of caffeine given

as a bolus in the amounts of 200–600 mg can be effective

in maintaining cognitive and physical performance in hu-

mans, regardless of habitual caffeine consumption.

Therefore, we selected a nominal dose of 25 mg/kg of

caffeine in rats, equivalent to a dose of 340 mg in an

85 kg human,38,39 and within a safe range in mice and

rats.40,41 Studies on the effects of chronic human caffeine

consumption report average consumption of around

300 mg/day, or 3.4 mg/kg/day, resulting in plasma caf-

feine concentration of 11.45 lM.42,43 To replicate this

dose of caffeine in rats, we selected a dose of 0.3 g/L

Table 1. Postinjury Bolus Experimental Matrix and Injury Parameters (Mean – SD)

Caffeine bolusa Shamb Mild Moderate Severe

Time
(sec)

Dose
(mg/kg) n

Weight
(g)

FPI
(atm) n

Weight
(g)

FPI
(atm) n

Weight
(g)

FPI
(atm) n

Weight
(g)

FPI
(atm)

10 0.0 8 400 – 12 0 – 0 8 373 – 17 0.60 – 0.03 8 373 – 9 1.90 – 0.05 12 371 – 16 3.01 – 0.07
12.5 — — — — — — — — — 12 380 – 12 2.98 – 0.05
25.0 6 404 – 7 0 – 0 8 378 – 15 0.62 – 0.03 8 373 – 16 1.90 – 0.08 16 368 – 11 2.98 – 0.04
50.0 — — — — — — — — — 12 375 – 14 3.03 – 0.05

90 25.0 — — — — — — — — — 14 378 – 12 3.01 – 0.07

All rats in this study received caffeine in their drinking water (0.3 g/L) for 3 weeks before FPI.
aPostinjury bolus delivered IP in 1 mL/kg saline.
bHeavy rats were assigned to the Sham FPI group.
FPI, fluid percussion injury.

Table 2. Chronic Caffeine Consumption

Experimental Matrix and Injury

Parameters (Mean – SD)

Caffeinea Severe FPI

Preinjuryb Postinjuryc n Weight (g) FPI (atm)

0 g/L N/A4 9 364 – 15 3.25 – 0.04
0 g/L 4 375 – 02 3.27 – 0.05
0.3 g/L 5 362 – 09 3.25 – 0.02

0.3 g/L N/Ad 5 371 – 16 3.23 – 0.04
0 g/L 3 352 – 20 3.21 – 0.08
0.3 g/L 6 356 – 27 3.21 – 0.04

aChronic caffeine: administered ad libitum in drinking water.
bPreinjury caffeine exposure for 3 weeks.
cPostinjury caffeine exposure from FPI until sacrifice (1 week).
dN/A Indicates rats that died as a result of the FPI.

Table 3. Preinjury Caffeine Bolus

Experimental Matrix and Injury

Parameters (mean – SD)

Preinjury Severe FPI

Chronic
caffeinea Acute n

Weight
(g) FPI (atm)

0 g/L None 22 367 – 20 2.80 – 0.24
Bolusb 20 368 – 14 2.88 – 0.21

0.3 g/L None 20 366 – 18 2.80 – 0.26
Bolusb 20 370 – 16 2.83 – 0.23
Withdrawc 20 365 – 18 2.84 – 0.24

aChronic caffeine: administered ad libitum in drinking water
for 3 weeks before FPI.

bBolus: 25 mg/kg, administered IP in 1 mL/kg saline 1 hour be-
fore FPI.

cWithdraw: 36-hour caffeine withdrawal before FPI.
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in water for the chronic caffeine consumption (ad libitum

consumption, replaced every other day), which results in

plasma concentration of 11.8 lM methylxanthines and to

caffeine tolerance in rats.44

Lateral FPI

Rats were anesthetized with isoflurane (2% isoflurane

at 2 mL/min in 2:1 N2O:O2) in an induction chamber, and

then affixed into a stereotactic frame fitted with a venti-

lated non-rebreathing face mask; all anesthetic gasses

were exhausted from the room. A 5 mm trephine hole

was drilled centered at bregma—4.5 mm anterior-posterior

and +2.8 mm medial-lateral.17 TBI was produced by a

fluid-percussion device (Custom Design and Fabrication,

Richmond, VA). A 21–23 ms fluid pulse was applied to

the exposed dura, measured by an external pressure trans-

ducer, digitized by a PowerLab A/D converter (ADInstru-

ments, Colorado Springs, CO), and then recorded using

Scope (ADInstruments). For each of our three studies

(detailed in Tables 1–3), FPI severity was calibrated

using caffeine-naive rats to determine the peak pressure

resulting in 40–50% mortality, considered ‘‘severe’’

injury. Mild and moderate injuries were scaled accord-

ingly (Tables 1–3 for average values for each cohort).

Sham-injured controls were prepared using identical

manipulations without impact.

Mortality and apnea assessment

All experiments were done by two investigators, with

one investigator handling the animals and the other in-

vestigator timing respiratory activity by visual inspec-

tion. The duration of apnea was measured in seconds

from the time of FPI until the first acute inspiratory ef-

fort, or ‘‘gasp.’’ Immediately following FPI, rats were

placed in dorsal recumbency (on their back) for contin-

uous observation of respiratory activity, which allows

an observer to clearly distinguish between apnea

(no breathing), shallow respiratory activity, the postap-

nea gasp, and regular breathing. Monitoring continued

until regular spontaneous ventilation was apparent, or

until the complete cessation of inspiratory effort for at

least 5 minutes.

Motor function assessment

Using an accelerating rotarod, rats were assessed for

motor performance 1 day before FPI and following FPI

at 24 hours and 7 days by an individual blinded to the ex-

perimental condition. Rats were placed on the rotarod ro-

tating at a constant rate of 2 rpm. Acceleration began at

time 0 and reached a top speed of 30 rpm at 96 seconds.

The time for each trial was recorded at the point that the

rat fell off the rod or rotated with the rod for two revolu-

tions. The rotarod test consisted of three trials, each a

maximum of 120 seconds and a rest period of 2 minutes

between trials. Recovery of rotarod performance was cal-

culated as the difference between the normalized 7-day

performance and 24-hour performance.

Statistics

All statistics were performed using StatView (SAS

Institute, Cary, NC) or Prism 5 (GraphPad, San Diego,

CA). The distributions of weight and FPI pressure for

each group were compared by ANOVA (StatView), and

were not different among groups (Tables 1–3). Correlation

between caffeine treatment and mortality was assessed

using logistic regression test (StatView). Rotarod perfor-

mance was assessed only for those rats that survived the

procedure, and was evaluated by repeated measures

ANOVA. Recovery of rotarod performance was assessed

by t-test or one-way ANOVA as appropriate.

Results

Acute administration of caffeine after severe FPI dose
dependently prevents lethal outcome
in caffeine-preconditioned rats

It is fair to assume that few adults in the human popu-

lation are caffeine naive at the time point of a TBI. To

FIG. 1. Experimental
design. Summary of the
assignment of three different
experimental cohorts of ani-
mals to different caffeination
paradigms before or after a
FPI. FPI, fluid percussion
injury,
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create a more realistic scenario, to study the protective

effects of an acute caffeine bolus following a TBI, we

combined chronic caffeination of rats before a TBI

with a post-TBI caffeine bolus, in contrast to our prior

work, which was conducted in caffeine-naive animals.17

After a 3-week caffeine preconditioning period (0.3 g/L

caffeine, ad libitum), rats were exposed to a severe FPI.

At 10 seconds after injury, a single bolus of caffeine (0,

12.5, 25, or 50 mg/kg caffeine in saline) was adminis-

tered IP (Table 1), followed by plain drinking water

(i.e., caffeine withdrawal) for the 1-week follow-up pe-

riod. Acute mortality was defined as death that occurred

without sustained restoration of regular respiration. Acute

mortality in the rats receiving vehicle (0 mg/kg caf-

feine) was 41.7%; mortality decreased to 16.7%, 6.3%,

and 33.3% in the animals that received a bolus of 12.5,

25, or 50 mg/kg caffeine, respectively (Fig. 2a). The re-

duced mortality was significant for the group receiving

25 mg/kg caffeine ( p < 0.05).

We evaluated rotarod performance at 24 hours and 7

days after FPI, normalizing results to preinjury baseline

values. At 24 hours after severe injury, performance on

the rotarod dropped to 10–30% of preinjury performance

(Fig. 2b). By 7 days after severe injury, rats spontaneously

recovered to 50–87% of preinjury performance. Repeated

measures ANOVA demonstrated that the caffeine bolus

dose delivered after the injury did not significantly affect

rotarod performance (F[3,30], p = 0.169), a significant in-

fluence of recovery time (F[2,60], p < 0.0001), and no in-

teraction between dose and recovery time was found.

Post hoc evaluation of the recovery time demonstrated

that performance at 24 hours and 7 days following FPI

was significantly impaired ( p < 0.0001), but found signif-

icant recovery at 7 days when compared to the 24-hour

performance ( p < 0.0001). To more closely look at the in-

fluence of a postinjury caffeine bolus on recovery of

rotarod performance, we evaluated postinjury recovery

of rotarod performance (Fig. 2c), but found no significant

difference in recovery rates between the different bolus

sizes (F[3.30], p = 0.2179).

All rats experienced a period of apnea following se-

vere FPI. Of the rats that died, some experienced a

short transient period of respiration, while others had

no spontaneous respiratory activity. The fraction of rats

with complete cessation of respiration after FPI was

60% of the vehicle-treated rats (0 mg/kg caffeine), and

50%, 0%, and 75% in the rats that received 12.5, 25, or

50 mg/kg caffeine (not significant by logistic regression),

whereas a chi-square test revealed statistical significance

( p < 0.01) between the 25 and 0 mg caffeine groups. To

uncover any negative influence of a late caffeine bolus,

we delayed delivery of a caffeine bolus (25 mg/kg) to

90 seconds in a group of rats (Table 1). Delayed treat-

ment did not result in a reduction in acute lethal outcome

(Fig. 2d), nor did it influence rotarod deficits at 24 hours

or recovery at 7 days (Fig. 2e, f) suggesting general

safety of postinjury administration of an acute dose of

caffeine.

Acute caffeine treatment after mild or moderate injury
does not have negative consequences

A limitation of safety studies in severely injured rats is

an experimental bias toward improved outcome. To as-

sess possible negative consequences of postinjury caf-

feine in a more critical manner, we evaluated graded

injury levels to assess bidirectional effects of treatment.

We examined the effect of a 25 mg/kg bolus of caffeine

administered 10 seconds after sham, mild, or moderate

injury (Table 1). After sham or mild injury, there was

no significant effect of injury or postinjury caffeine

bolus on rotarod performance at either 24 hours or 7

days after FPI (Fig. 3a, b). After moderate injury, we

found a significant effect of time after injury (F[2,28],

p < 0.01), but no significant effect of caffeine (Fig. 3c);

post hoc tests showed a significant reduction in function

at 7 days after FPI.

Chronic caffeine after injury impairs spontaneous
recovery of rotarod performance

Assuming that human TBI victims are chronically caf-

feinated at the time of injury, as a matter of standard care,

TBI is followed by default caffeine withdrawal. Rats

were caffeine preconditioned (0 g/L or 0.3 g/L caffeine)

for 3 weeks before severe FPI (Table 2). We found no

change in acute mortality after severe FPI associated

with preinjury caffeine conditioning (Fig. 4a). Following

the acute monitoring period, surviving rats were ran-

domly assigned to receive either chronic caffeine or

plain drinking water for the duration of 1-week recovery

period (Table 2). Rotarod performance was assessed at

24 hours and 7 days following severe injury. At 24

hours, all rats had significant impairment in their rotarod

performance, regardless of caffeine consumption; there

was no difference between groups in performance

based on caffeine consumption. At 7 days after injury,

however, we found significant impairment in the recov-

ery of rotarod performance in rats that received caffeine

in their drinking water for the week-long recovery period

(F[1,14], p = 0.0073, Fig. 4b). Therefore, chronic caffei-

nation after the injury impairs recovery, irrespective of

the preinjury caffeination status.

Preinjury caffeine and withdrawal

With growing availability of products that quickly de-

liver high amounts of caffeine (such as energy drinks,

caffeine gum, and caffeine pills), there is potential for

unusually high plasma levels of caffeine at the time of in-

jury. Conversely, regular caffeine consumers may be in a

state of withdrawal at the time of injury. With this in
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mind, we investigated whether an acute bolus of caffeine

1 hour before injury affects injury severity or recovery in

caffeine-naive rats. We also examined the influence of an

additional bolus of caffeine versus 36 hours of caffeine

withdrawal preinjury in caffeine-preconditioned rats

(Table 3). Acute mortality was not significantly reduced

by a preinjury caffeine bolus in caffeine-naive rats

(Fig. 5a). Rotarod performance was significantly im-

paired at 24 hours and 7 days after injury (F[2,48],

p < 0.0001), but there was no influence of caffeine

bolus in the caffeine-naive rats (Fig. 5b). While there

was significant recovery of rotarod function by 7 days

following injury, there was no influence of caffeine on

the recovery rate ( p = 0.8239, Fig. 5c). In caffeine-

preconditioned rats, neither a preinjury caffeine bolus

nor 36 hours of caffeine withdrawal had a significant influ-

ence on acute mortality (Fig. 5d). Rotarod performance

was significantly impaired in the caffeine-preconditioned

FIG. 3. Influence of a caffeine bolus
after nonlethal injury. A 25 mg/kg
caffeine bolus after sham (a), mild (b),
or moderate (c) injury does not influ-
ence rotarod performance at 24 hours
or 7 days after injury. (d) Rotarod
performance after severe injury pre-
sented for reference. One-way
ANOVA with Tukey’s multiple com-
parison post-hoc test (**P < 0.01,
***P < 0.001, +++P < 0.0001 for sig-
nificance).

FIG. 4. Chronic caffeine consumption after injury is detrimental to recovery of spontaneous motor function. Three
weeks of caffeine preconditioning (0.3 g/L, ad libitum) does not influence acute mortality after severe injury (a) Rats
that survived the acute injury were randomly assigned to receive either plain water (Post 0 g/L) or caffeine water
(0.3 g/L). (b) There was no difference in rotarod performance at 24 hours among the treatment groups. However, re-
covery of rotarod performance at 7 days was significantly impaired in the rats that received caffeine postinjury (F[1,14],
p = 0.0073). One-way ANOVA with Tukey’s multiple comparison post-hoc test (*P < 0.05 for significance).
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rats (F[2,62], p < 0.0001), but there was no influence of

caffeine bolus or withdrawal in the caffeine-preconditioned

rats (Fig. 5e). Again, there was a significant recovery

of rotarod performance by 7 days postinjury, but no sig-

nificant difference in the recovery among the three

groups (F[2,31], p = 0.2328, Fig. 5f).

Discussion

This is the first comprehensive and systematic as-

sessment of the effects of peri-TBI caffeine exposure

on acute mortality and short-term functional outcome

graded across several severity levels of the FPI. This

study is of relevance as caffeine is widely consumed

in the human population, and it can therefore be as-

sumed that a TBI happens within the context of various

exposure levels and histories to prior caffeine expo-

sure; in addition, TBI may lead by default to caffeine

withdrawal in victims who are chronic caffeine users.

Yet surprisingly, little is known about the effects of

acute or chronic caffeine on the outcome of a TBI, war-

ranting the systematic study undertaken here. Several

aspects of our study deserve a more detailed discussion:

Caffeine-based resuscitation

Respiratory deficits are a significant source of mortal-

ity and morbidity after TBI. In the clinical as well as in

the experimental setting, injury to the brain is associated

with a massive micromolar surge in adenosine and high

CSF levels of adenosine correlate with lethal apnea in

human TBI subjects.16 In support of these findings, clin-

ical and experimental evidence have demonstrated a

clear role for methylxanthines in the preservation of

respiration,45,46 although the precise mechanisms con-

trolling respiration remain poorly understood. Recent

studies highlight the role of the pre-Bötzinger Complex

(preBotC) in establishing and maintaining respiratory

rhythms, demonstrating a link between purinergic sig-

naling and respiratory activity.47 In particular, ATP re-

lease in the pre-BotC has been shown to initially increase

respiration, and that the subsequent respiratory depres-

sion is dependent on ATP hydrolysis, suggesting a role

for adenosine.48 Further studies have specifically demon-

strated that the activation of adenosine A1R depressed

respiration.49 The pre-BotC is located in the ventral me-

dulla, an anatomic location that may make it vulnerable

to injury at high injury levels. In cats, severe FPI has

been linked to a brain stem injury based on acute physi-

ologic changes.50 We therefore hypothesized that acute

lethal outcome following a severe TBI is due to pro-

longed apnea based on overstimulation of adenosine re-

ceptors in the brainstem. In support of our hypothesis, a

single acute bolus of caffeine (25 mg/kg) in rats when

given 10 seconds after a severe TBI almost completely

prevented lethal apnea under conditions in which 40%

of all animals succumbed to lethal apnea.17

Related conditions

Respiratory suppression has also been demonstrated in

related lethal conditions, in which adenosine has been

implicated. In Sudden Unexpected Death in Epilepsy

(SUDEP), a seizure-induced adenosine surge in combi-

nation with deficient metabolic clearance of adenosine

has been implicated in lethal outcome and the postseizure

administration of caffeine was found to be beneficial.18

Interestingly, SIDS is likewise characterized by respira-

tory suppression, and perinatal ADK knockout mice

that have deficits in the metabolic clearance of adenosine

have prolonged periods of apnea and succumb to peri-

natal death.15 ADK primarily regulates physiological

adenosine levels under baseline conditions51 and might

become a limiting factor under conditions of increased

metabolic clearance needs. These conditions further sup-

port a critical role for adenosine homeostasis in the con-

trol of respiratory function. Consequently, respiratory

function and survival may critically depend on the status

of the adenosine system, which in turn may also depend

on external factors such as habitual caffeine use.

Role of prior caffeination status

In this study, we demonstrate that the protective effects

of caffeine are maintained in caffeine-preconditioned rats,

an important consideration as most adults are habitual caf-

feine consumers. Under the most severe injury conditions,

we found that a single bolus of caffeine given before or

after the injury consistently reduced mortality irrespective

of the subjects’ caffeination history. These findings sug-

gest that an acute caffeine bolus given as soon as possible

after a TBI might have life-rescuing value in emergency

medicine in a wide range of subjects. Importantly, an

acute bolus of caffeine is still able to significantly reduce

apnea with lethal outcome in chronically caffeinated sub-

jects. Our data need to be carefully considered, although,

since the effects of a TBI might also depend on other life-

style choices, which are known to influence adenosine ho-

meostasis in the brain. For example, sleep deprivation52–55

as well as exercise56 lead to an increase of adenosine in the

brain. These additional factors need to be considered to

fully understand the role of adenosine in a ‘‘real-life sce-

nario’’ of TBI.

Role of chronic caffeination

Chronic caffeine consumption causes regional changes

in brain adenosine receptor expression.44 The combination

of chronic antagonism and altered receptor expression

may have significant influence on the efficacy of caffeine

as a therapeutic agent acting through A1R antagonism.

An ‘‘effect inversion’’ has been attributed to caffeine,

in which chronic caffeine consumption results in oppo-

site outcomes to acute caffeine treatment.57 The wide-

spread chronic caffeine consumption in most parts of

the world made it necessary to demonstrate that an
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acute bolus of caffeine can still prevent lethal outcome in

caffeine-preconditioned rats. Because an effect inversion

was not demonstrated in this study and adenosine recep-

tor densities were not assessed, the possibility exists that

the caffeine doses used here to mimic human caffeine

consumption were not sufficient to induce caffeine-

preconditioning effects through changes in adenosine

receptor densities. Alternatively, chronic caffeine con-

sumption is also associated with alterations in N-methyl

d-aspartate (NMDA)58 and serotonin59 receptors and

function. Damage to glutamatergic neurons is well

documented in modeled TBI, and given the role of

NMDA receptors in cognition, these results highlight a

potential role for caffeine in the variable recovery of cogni-

tive function after TBI.60 These results demonstrate the

need for an expanded repertoire of behavioral tests and

long-term studies designed to evaluate cognitive and

psychiatric deficits, and long-term recovery after TBI,

with and without caffeine as a potential confounding

factor.

Safety of caffeine-based therapeutic interventions

In this study, we show maximum therapeutic effec-

tiveness of a dose of 25 mg/kg caffeine given 10 seconds

after an injury. Importantly, deviation from the optimal

dose in either direction is without adverse effects, as is

a delayed administration of caffeine. These findings

show the general safety and applicability of caffeine-

based resuscitation after TBI: even suboptimal doses or

delayed delivery will not worsen outcome and may still

have some benefits. As shown in our current data, evalu-

ation of caffeine treatment after mild and moderate in-

jury demonstrated that unneeded treatment in the case

of an isolated TBI does not have negative consequences,

demonstrating the general safety of caffeine-based inter-

ventions. While adenosine is an effective agent to sup-

press epileptic seizures across a wide frequency range,

irrespective of seizure-related adenosine fluctuations,61

methylxanthines are known proconvulsants, in particu-

lar, in methylxanthine-naive subjects.62 Importantly,

none of our caffeine-treated animals developed acute

seizures as a result of treatment, supporting further the

safety of our approach. Since epileptogenesis depends

on adenosine receptor-independent functions of adeno-

sine,63 we do not anticipate that a caffeine-based ther-

apeutic intervention will worsen posttraumatic

epileptogenesis; in support of this, our prior work in

caffeine-naive rats demonstrated a reduction in epilep-

tiform bursting in caffeine-rescued rats after a severe

TBI.17 Further studies are also warranted to better un-

derstand the long-term effects of acute caffeine rescue

and adjuvant therapies on a wider range of outcome pa-

rameters, including learning and memory, executive

function, psychosocial interaction, as well as expanded

motor function.

Therapeutic implications

Hypoxia and hypotension are commonly associated

with TBI and correlate to poor outcome.5,64 In the most

acute prehospital phase (10 minutes after TBI), apnea

is a common cause of mortality and, in survivors, likely

aggravates morbidity through hypoxia and impaired ce-

rebral autoregulation.3 Although there are currently insuf-

ficient data available to establish treatment guidelines in

head-injured patients, prehospital management has been

directed at patient stabilization for transport, in particular

maintenance of respiration and oxygenation to minimize

secondary injury.4,65,66 Intubation and mechanical ventila-

tion by emergency personnel before transport have become

the standard of care to prevent the effects of hypoxia, yet

recent retrospective studies suggest that this may not pro-

vide a universal benefit.6–8 Considering the inadequacy of

current prehospital TBI management, there is a clear need

for more reliable and effective approaches for treating TBI

victims.

Understanding the influence of caffeine consumption

before TBI provides insight into the variable resilience

of individuals to TBI, whereas postinjury treatment

with caffeine and/or specific adenosine receptor modula-

tors may represent a therapeutic opportunity. Treatment

initiated after TBI suggested improved motor function

with a nonspecific adenosine receptor agonist, but a

slight decrease in motor function after an A1 receptor

antagonist.67 In contrast, 15 minutes post-TBI treatment

with caffeinol, a mix of caffeine (3.3 mg/kg) and etha-

nol (0.65 g/kg), resulted in improved working memory

and reduced contusion volume, although this was not

replicated with delayed treatment.68 Acute mortality

was not reported for these focal injury (cortical contusion)

studies, and treatment modality (immediate intrahippo-

campal infusion in mice) and time point (15 minutes

post-injury in rats) suggest that neither treatment would

be likely to influence acute mortality. However, they do

demonstrate the potential of caffeine to have further pro-

tective effects not explored in this study. The dose–re-

sponse results presented here after diffuse injury (fluid

percussion) demonstrate significant, 75% reduction in

acute mortality after 25 mg/kg treatment in rats without

impairment of motor function, demonstrating that quality

of life may be maintained with caffeine rescue after dif-

fuse injury. Further studies examining a broader range of

injury modalities and behavioral outcomes are necessary

to establish the general safety of caffeine treatment. In ad-

dition, as the principle targets of caffeine are the adenosine

A1 and A2A receptors, mechanistic studies should be per-

formed to determine whether improved efficacy against

acute mortality and improved behavioral outcome can be

achieved with specific receptor antagonists.

Head injuries rarely occur in isolation and, apart from

lethal apnea, hemorrhagic shock is a significant factor in

mortality and morbidity after TBI,69 and may influence
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both the safety and efficacy of caffeine-based therapy. Sys-

temic A1 receptor activation slows heart rate and lowers

blood pressure,70 while A2A activation increases heart

rate and lowers blood pressure.71 An endogenous surge

of plasma adenosine has been measured in hemorrhagic

shock in caffeine-naive rats, with caffeine preconditioning

amplifying this increase.72 Acute treatment with caffeine

restored blood pressure in modeled hemorrhagic shock72;

similarly, A1 receptor antagonists were effective for the

restoration of cardiac function in hypoxia.73 The potential

cardiovascular effects of caffeine warrant further safety

and efficacy studies of caffeine-based therapy in the con-

text of polytrauma.

Conclusions

Treatment during the acute time frame following an

injury is critical in the determination of survival and

recovery after TBI. We show here that treatment initi-

ated at the earliest possible time after injury is most

beneficial, perhaps in a time frame that can only be

achieved in a laboratory setting. However, rodent metab-

olism is significantly higher than in humans, which may

shorten the effective treatment window compared to hu-

mans. Furthermore, translating the acute caffeine dose of

25 mg/kg in rodents to human equivalent by body surface

area39 results in a dose of *4 mg/kg, well below the

toxic dose of caffeine estimated to be 150 mg/kg in hu-

mans. Caffeine is stable at room temperature, making it a

good candidate for emergency kits. Intramuscular delivery

may provide a possible route of administration in a human

trauma setting.
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