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Background: Caffeine is widely used to treat apnea of pre-
maturity, but the standard dosing regimen is not always suffi-
cient to prevent apnea. Before higher doses of caffeine can be 
used, their effects on the immature brain need to be carefully 
evaluated. Our aim was to determine the impact of daily high-
dose caffeine administration on the developing white matter 
of the immature ovine brain.
Methods: High-dose caffeine (25 mg/kg caffeine base load-
ing dose; 20 mg/kg daily maintenance dose; n = 9) or saline (n 
= 8) were administered to pregnant sheep from 0.7 to 0.8 of 
term, equivalent to approximately 27–34 wk in humans. At 0.8 
of term, the white and gray matter were assessed histologically 
and immunohistochemically.
results: Daily caffeine administration led to peak caffeine 
concentration of 32 mg/l in fetal plasma at 1 h, followed by a 
gradual decline, with no effects on mean arterial pressure and 
heart rate. Initial caffeine exposure led to transient, mild alka-
losis in the fetus but did not alter oxygenation. At necropsy, 
there was no effect of daily high-dose caffeine on brain weight, 
oligodendrocyte density, myelination, axonal integrity, microg-
liosis, astrogliosis, apoptosis, or neuronal density.
conclusion: Daily high-dose caffeine administration does 
not appear to adversely affect the developing white matter at 
the microstructural level.

caffeine is used to stimulate breathing in very preterm 
infants, especially those who develop apnea of prematu-

rity (AOP). AOP occurs in approximately 85% of infants born 
prior to 34 wk (1), and its incidence is inversely related to gesta-
tional age (2). Typically, AOP is treated with caffeine (or other 
methylxanthines) for 4–6 wk, until at least 32–34-wk postmen-
strual age, or until the apnea has abated (3). An international 
randomized-controlled trial has confirmed that caffeine is an 
effective treatment for AOP, leading to reduced morbidity and 
mortality (4,5). In treating AOP, the standard dosing regimen 
of caffeine is a loading dose of 20 mg/kg (caffeine citrate) fol-
lowed by a daily maintenance dose of 5–10 mg/kg (4).

The standard clinical dose of caffeine is not always sufficient 
to abolish AOP (6,7), potentially leading to the use of higher 
doses. However, little is known regarding the effects of higher 
doses of caffeine on the immature brain, in particular its effects 
on the development of white matter (WM), a brain compo-
nent that is very vulnerable to injury in preterm infants (7,8). 
Although several studies have assessed the effects of high-dose 
caffeine on the developing brain, these studies show both ben-
eficial (9,10) and detrimental (11,12) effects. The majority of 
previous studies have been conducted in rats and mice (9–12), 
species in which white to gray matter (GM) ratio is not compa-
rable to humans and in which brain development occurs pre-
dominantly postnatally. Furthermore, previous studies have 
used widely differing dosing regimens. Given the conflicting 
experimental data on the effects of caffeine on the developing 
brain, it is difficult to draw unequivocal conclusions about the 
likely effects of high-dose caffeine on the developing WM of 
preterm infants.

We have undertaken experiments in sheep, a species in 
which the timing of major developmental events in the brain, 
including WM development, aligns with human brain devel-
opment. In order to expose the developing brain to caffeine at 
a similar stage of WM development as in preterm infants, we 
have used fetal sheep at 0.7–0.8 of term; at this age, WM devel-
opment is similar to that of preterm infants at about 27–34-wks 
postmenstrual age (13–15), and thus represents the typical age 
at which preterm babies are exposed to caffeine (5) and when 
the cerebral WM is still developing (14). Our objective was to 
determine whether or not repeated daily high-dose caffeine 
administration causes structural alterations to the developing 
WM and GM in the immature ovine brain; we also assessed 
the effects on organ growth and physiological status. Potential 
effects of caffeine on the developing WM were assessed using 
oligodendrocyte transcription factor 2 (Olig2) to identify the 
entire pool of oligodendrocytes, myelin basic protein (MBP) 
to identify mature myelin, and the pan-axonal neurofilament 
marker (SMI-312) for axonal integrity.  The nature of the glial 
cell response (microgliosis and astrogliosis), an indicator of 

Received 20 August 2013; accepted 16 January 2014; advance online publication 14 May 2014. doi:10.1038/pr.2014.55

The last two authors are co-senior authors and contributed equally to this work.
1Department of Anatomy and Developmental Biology, Monash University, Clayton, Victoria, Australia; 2Department of Neonatal Services, Royal Women’s Hospital, Victorian 
Infant Brain Studies, Murdoch Children’s Research Institute, University of Melbourne, Melbourne, Victoria, Australia; 3Department of Obstetrics and Gynecology, University of 
Melbourne, Melbourne, Victoria, Australia; 4Department of Anatomy and Neuroscience, University of Melbourne, Melbourne, Victoria, Australia; 5The Ritchie Centre, MIMR-PHI 
Institute of Medical Research and Monash University, Clayton, Victoria, Australia.  Correspondence: Mary Tolcos (mary.tolcos@mimr-phi.org)

impact of daily high-dose caffeine exposure on developing 
white matter of the immature ovine brain
Anzari Atik1, Jeanie Cheong2,3, Richard Harding1, Sandra Rees4, Robert De Matteo1 and Mary Tolcos5

54 Pediatric ReseARCH      Volume 76  |  Number 1  |  July 2014  Copyright © 2014 International Pediatric Research Foundation, Inc.

http://www.nature.com/doifinder/10.1038/pr.2014.55
mailto:mary.tolcos@mimr-phi.org


Caffeine and developing white matter         Articles
WM injury (16,17), was assessed using ionized binding adap-
tor molecule-1 (Iba-1) for microglia and glial fibrillary acidic 
protein (GFAP) for astrocytes. Apoptosis in the developing 
WM, cortical GM, and striatum was assessed using terminal 
deoxynucleotidyl transferase 2′-deoxyuridine, 5′-triphosphate 
nick end labeling (TUNEL). Finally, we assessed neuronal 
density in the cortical GM using the neuron-specific protein 
NEUronal nuclei (NeuN).

RESULTS
Plasma Caffeine Concentration and Fetal Cardiovascular Data
On the first day of caffeine administration, fetal plasma caf-
feine concentration reached 32 ± 1 mg/l at 1 h, decreasing 
to 19 ± 3 mg/l at 6 h and 5 ± 2 mg/l at 24 h (prior to the next 

injection, Figure 1a). Maternal plasma caffeine concentration 
reached 43 ± 9 mg/l at 1 h, decreasing to 24 ± 5 mg/l at 6 h and 
5 ± 1 mg/l at 24 h (Figure 1a). This concentration profile was 
similar for the next 2 d of caffeine administration (only days 
1–2 shown). On days 1–3 of caffeine administration, there 
were no significant differences in plasma caffeine concentra-
tions between the maternal and fetal circulation at 1, 6, or 24 h 
(Ptreatment = 0.43).

Fetal mean arterial pressure remained stable following caf-
feine administration and was not significantly different at 1, 
6, or 24 h postcaffeine administration between the control and 
the caffeine-treated groups from day 1 to 3 (Ptreatment = 0.61; 
only days 1 and 2 shown; Figure 1b). Caffeine administration 
did not affect fetal heart rate at 1, 6, or 24 h postcaffeine admin-
istration from day 1 to 3 (Ptreatment = 0.18; only days 1 and 2 
shown; Figure 1c).

Fetal and Maternal Blood Chemistry
On day 1 of the treatment period (104 d of gestation (DG)), 
there was a small but significant effect of caffeine over time in 
fetal arterial pH (Ptime × treatment = 0.04) and PaCO2 (Ptime × treatment = 
0.005); caffeine-treated fetuses had a transiently higher pH and 
lower PaCO2 (Figure 2a,b) than control fetuses. On days 2 and 
3, there were no significant differences between groups in pH 
(day 2, Ptreatment = 0.76; day 3, Ptreatment = 0.90) and PaCO2 (day 
2, Ptreatment = 0.90; day 3, Ptreatment = 0.74) measured just prior to 
caffeine administration (0 h) and at 1-, 2-, 4-, and 6-h postcaf-
feine. Between days 1 and 3, there were no significant effects 
of caffeine on fetal PaO2 (Ptreatment = 0.14; Figure 2c), arterial 
oxygen saturation (Ptreatment = 0.42; Figure 2d) or hemoglobin 
(Ptreatment = 0.70; Figure 2e), glucose (Ptreatment = 0.80; Figure 2f), 
and lactate (Ptreatment = 0.32; Figure 2g) concentrations. From 
days 4 to 15, there were no significant differences between 
groups in any measured fetal blood variable (data not shown).

Caffeine administration led to a transient increase in mater-
nal arterial pH (Ptime × treatment = 0.04) on day 1 of the treatment 
period (104 DG), with no significant effects thereafter (data 
not shown). From 104 to 118 DG, there were no significant 
effects of caffeine on maternal PaCO2, PaO2, arterial oxy-
gen saturation or glucose, and hemoglobin concentrations. 
Caffeine administration led to a significant increase in mater-
nal lactate concentration (Pday × treatment = 0.008) from day 1 to 3 
of treatment, with no significant effects subsequently.

Body and Organ Weights
At necropsy, there were no significant differences between con-
trol and caffeine-treated fetuses in body weight, brain weight, 
brain-to-body-weight ratio, crown-to-rump length, thoracic 
girth, hind limb length, head length, ponderal index, and other 
organ weights (absolute or relative to body weight; Table 1).

Structural Analysis of Cerebral WM
There was no evidence of intracerebral or intraventricular 
hemorrhages in control or caffeine-treated fetuses. The den-
sity of oligodendrocytes was similar in control and caffeine-
treated fetuses when assessed in the subcortical (P = 0.92) and 

Figure 1.  Maternal and fetal plasma caffeine concentrations (a), fetal 
mean arterial pressure (MAP) (b), and heart rate (c) on day 1–2 of caffeine 
administration. There were no significant differences in plasma caffeine 
concentrations between the maternal (open circles; n = 2) and fetal 
(closed squares; n = 6) circulation at 1, 6, or 24 h after caffeine administra-
tion from day 1 (loading dose: 25 mg/kg) to day 2 (maintenance dose: 
20 mg/kg). There was also no significant difference in fetal arterial pressure 
or heart rate at 0, 1, or 6 h between the control (open squares; n = 3) and 
caffeine-treated (closed squares; n = 4) fetuses from day 1 to 2.
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Figure 2. Arterial pH (a), PaCO2 (b), PaO2 (c), arterial oxygen saturation (SaO2; d), total hemoglobin (tHb; e), glucose (Glu; f), and lactate (Lac; g) in control 
(open circles; n = 5) and caffeine-treated (closed squares; n = 6) fetuses. On day 1 of treatment (104 d of gestation (DG)), there was an effect of caffeine 
over time for arterial pH (Ptime × treatment = 0.04); caffeine-treated fetuses had a transiently higher pH, with no significant differences from 105 to 118 DG. 
There was a significant effect of caffeine over time for arterial PaCO2 (Ptime × treatment = 0.005) on day 1 of treatment (104 DG); caffeine-treated fetuses had a 
lower PaCO2 compared with controls, with no significant differences from 105 to 118 DG. There were no significant differences in the fetal PaO2, SaO2, tHb, 
Glu, and Lac concentrations from 104 to 118 DG.
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periventricular WM (P = 0.88; Figure 3a–c). There was also 
no significant difference between control and caffeine-treated 
groups in the optical density (OD) of MBP-immunoreactivity 
(IR) (Figure 3d) or SMI-312-IR (Figure 3g), in the subcorti-
cal WM (P = 0.27 and 0.68, respectively; Figure 3e,f,h,i), peri-
ventricular WM (P = 0.31 and 0.15, respectively; images not 
shown), or corpus callosum (P = 0.89 and 0.84, respectively; 
images not shown).  There was no evidence of axonal disrup-
tion or axonal spheroids in any of these regions as assessed in 
SMI-312-immunoreactive sections (Figure 3h–i insets).

The percentage of WM occupied by microglia was not different 
between control and caffeine-treated (P = 0.57) fetuses (Figure 
4a–c). The density of activated and resting Iba-1-immunoreactive 
microglia was not significantly different between control and 
caffeine-treated fetuses (Figure 4d–f) when assessed in the sub-
cortical and periventricular WM individually (data not shown) 
or combined (P = 0.14 activated and P = 0.29 resting).

There was no significant difference between groups in the 
density of GFAP-immunoreactive astrocytes in the subcorti-
cal WM (P = 0.50) and periventricular WM (P = 0.39; Figure 
4g–i). There was also no significant difference between groups 

in the density of TUNEL-positive cells in the subcortical WM 
(P = 0.21) and periventricular WM (P = 0.46; Figure 5a–c).

Structural Analysis of Cortical GM and Striatum
There was no significant difference between groups in the den-
sity of TUNEL-positive cells in the cortical GM (P = 0.63) or 
striatum (P = 0.32; Figure 5a–c). There was also no significant 
difference between groups in the density of NeuN-positive 
neurons in the cortical GM in individual (Figure 6a,c) or com-
bined cortical bins (P = 0.30; Figure 6b,c).

DISCUSSION
This is the first study to examine the neuropathological and 
physiologic responses to high-dose caffeine in a long-gestation, 
clinically relevant animal model. Importantly, the ovine model 
allowed us to assess the effects of caffeine at a stage of brain 
development that is similar to that of the very preterm human 
infant with respect to the major periods of gliogenesis (18,19), 
axonal development (20), and myelination (18). Our findings 
suggest that daily high-dose caffeine treatment does not cause 
structural alterations or injury in the developing cerebral WM 
or GM. Specifically, we found that high-dose caffeine does not 
appear to significantly alter markers of myelination and axonal 
structure, and it does not significantly affect the overall density 
of oligodendrocytes, microglia, astrocytes, apoptotic cells, or 
neurons. We also found that high-dose caffeine does not affect 
growth or physiological status, apart from a transient mild 
alkalosis on the first day of treatment.

Administration of high-dose caffeine via the maternal cir-
culation exposed the fetus to high blood concentrations of 
caffeine, with a maximal fetal plasma caffeine concentration 
of 32 mg/l. Concentrations of caffeine in the maternal and 
fetal circulations were similar, confirming that caffeine read-
ily crosses the placenta (21,22). The maximal concentration 
achieved in this study is high relative to the range of concentra-
tions measured in preterm infants treated with a standard dose 
of caffeine (20 mg/kg caffeine citrate loading dose; 5–10 mg/kg 
maintenance dose), where serum caffeine concentrations typi-
cally range from 11 to 33 mg/l (23,24). However, the published 
concentrations cannot be considered definitive as the interval 
between caffeine administration and blood sampling varies 
between studies and in some cases is unknown or unreported; 
measurement of serum caffeine in the preterm human new-
born is not routinely performed in clinical practice.

High-dose caffeine led to a mild, transient increase in fetal 
arterial pH and decrease in arterial PaCO2 on day 1 of treat-
ment and an increase in total hemoglobin concentration on day 
2, with no differences in all other physiological variables. The 
small transient alkalosis is most likely secondary to the observed 
maternal hyperventilation. In agreement with our findings, 
acute high-dose caffeine (40 mg/kg caffeine base) adminis-
tration to preterm (~126 DG) ventilated lambs did not affect 
blood chemistry, renal function, or cardiopulmonary function 
(25).  The short-term physiological actions of high-dose caffeine 
administration have not been thoroughly assessed in preterm 
infants. One study, however, has reported an increase in O2 

table 1. Necropsy data for control and caffeine-treated fetuses

Control (n = 8) Caffeine (n = 9)

Body weight, kg 2.48 ± 0.13 2.36 ± 0.14

CRL, mm 429 ± 7 418 ± 9

TG, mm 282 ± 7 285 ± 6

HLL, mm 342 ± 9 350 ± 7

HL, mm 113 ± 1 113 ± 1

PI, g/mm3 3.13 × 10−5 ± 1.08 × 10−6 3.22 × 10−5 ± 1.15 × 10−6

Brain, g 38.1 ± 0.4 42.2 ± 1.7

Brain/body 
weight, g/kg

15.7 ± 0.9 18.3 ± 0.9 

Lung, g 90.8 ± 5.5 82.8 ± 4.9

Lung/body weight, 
g/kg

36.7 ± 1.5 35.4 ± 1.6

Heart, g 17.8 ± 0.9 16.5 ± 1.7

Heart/body 
weight, g/kg

7.21 ± 0.23 6.93 ± 0.59

Kidney, g 16.3 ± 1.0 16.6 ± 0.9

Kidney/body 
weight, g/kg

6.61 ± 0.35 7.11 ± 0.23

Adrenals, g 0.28 ± 0.04 0.33 ± 0.03

Adrenals/body 
weight, g/kg

0.11 ± 0.01 0.14 ± 0.01

Liver, g 91.5 ± 8.5 83.7 ± 7.0

Liver/body weight, 
g/kg

36.6 ± 1.9 35.3 ± 2.0

Spleen, g 5.73 ± 0.48 4.65 ± 0.49

Spleen/body 
weight, g/kg

2.30 ± 0.11 1.97 ± 0.16

CRL, crown-to-rump length; HL, head length; HLL, hind limb length; PI, ponderal index; 
TG, thoracic girth.
All data are mean ± seM.
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consumption and a reduction in weight gain in preterm infants 
born at 28–33 wk of gestation when treated with standard doses 
of caffeine citrate, with no differences in arterial oxygen satu-
ration 4 wk after caffeine therapy (26). Furthermore, Hoecker 
et al (27) reported an increase in arterial pressure in preterm 
infants, 1 and 20 h after day 2 of caffeine administration, and 
an increase in heart rate 20 h after day 2 of caffeine exposure. 
However, these increases were compared with measurements 
taken just prior to caffeine administration and not to a control 
group. When caffeine-treated preterm infants were compared 
with controls, mean arterial pressure increased on the first 3 
days of administration; no differences in heart rate were found 
for measurements taken 1 h before and 1 h after caffeine (28).

High-dose caffeine treatment did not affect myelination in 
the brain; more specifically, there was no change in the areal 
density of oligodendrocytes or densitometry of MBP-IR in 
the cerebral WM. Our findings are consistent with an in vitro 
study, which showed that treatment with 20 mg/l of caffeine 
(base), a concentration similar to the mean blood concentra-
tion achieved in the present study, did not affect the density 
of oligodendroglial lineage cells or the secretion of hyaluronic 
acid (29), a factor known to inhibit myelination. This is in con-
trast to a study in postnatal mice, in which high-dose caffeine 
administration (40 or 80 mg/kg; base) from postnatal days (P) 
1–17 resulted in a dose dependent and transient decrease in 
myelin concentration at P30 with full recovery and overshoot 

Figure 3. Oligodendrocyte transcription factor 2 (Olig2-), myelin basic protein (MBP-), and SMI-312-IR in the WM and corpus callosum of control 
(white columns; n = 8) and caffeine-treated (black columns; n = 9) fetuses. There was no significant difference between groups in the density of Olig2-
immunoreactive oligodendrocytes (a), optical density (OD) of MBP-IR (d), or OD of SMI-312-IR (g) in the subcortical WM, periventricular WM, or corpus cal-
losum. For the subcortical WM, this is illustrated by comparing images of Olig2-, MBP-, and SMI-312-IR in control (b, e, and h) and caffeine-treated fetuses 
(c, f, and i). In SMI-312-immunostained sections, we found no evidence of axonal disruption or axonal spheroids (black boxes in h–i represent high-power 
insets). Scale bars: b and c = 100 μm; e, f, h, and i = 500 μm; inset (h and i) = 100 μm.
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by P70 (11). Here, we have used MBP, one of the markers of 
mature myelin, as a measure of myelination and Olig2 as a 
marker of the total population of oligodendrocytes. An assess-
ment of other markers of mature myelin (myelin-associated 
glycoprotein and myelin proteolipid protein), which are dif-
ferentially affected by perinatal interventions (30), together 
with ultrastructural analysis of myelination, may offer insight 
into the effects of caffeine on WM development. Furthermore, 
analysis of oligodendroglial lineage cells using stage-specific 
markers could determine whether differentiating, immature 
oligodendrocytes are more vulnerable to high-dose caffeine 
than mature oligodendrocytes.

Although a few studies have assessed the effect of caffeine 
on myelination, there appear to be no animal studies that 
have examined its effects on axons. Thus, we show for the first 
time that high-dose caffeine treatment does not affect axonal 

integrity in the developing WM, at least not at the level of IR 
for the axonal neurofilament protein SMI-312. Although this 
method permits assessment of overt axonal damage (axonal 
disruption and axonal spheroids) and densitometry of SMI-
312-IR within the WM, it is not an accurate measure of axo-
nal density; for that, electron microscopy would be required. 
Magnetic resonance imaging of preterm infants at term equiv-
alent age, treated with standard doses of caffeine revealed a 
reduction in axial diffusivity in treated infants (31), which may 
be explained by axonal preservation and/or a greater axonal 
density. However, it should be noted that this was following 
doses of caffeine lower than that used in the present study, and 
MRI scans were performed at a more advanced stage of brain 
development than in the present study.

High-dose caffeine treatment did not result in cerebral 
hemorrhage, astrogliosis, or microgliosis in the cerebral WM 

Figure 4. Ionized binding adaptor molecule-1 (Iba-1)-positive microglia (a–f) and glial fibrillary acidic protein (GFAP)-positive astrocytes (g–i) in the 
white matter (WM) in control (white columns; n = 8) and caffeine-treated (black columns; n = 9) fetuses. The percentage of WM occupied by microglia was 
not different between control and caffeine-treated fetuses (a). Iba-1-immunoreactive microglial aggregations containing activated microglia (inset) in 
control (b) and caffeine-treated (c) fetuses. There was no difference in the density of Iba-1-positive microglia (activated and resting) in the WM of control 
and caffeine-treated fetuses (d), illustrated by comparing images of Iba-1-positive microglia (arrowheads showing resting microglia) in the subcortical 
WM in control (e) and caffeine-treated (f) fetuses. (g) The density of GFAP-positive astrocytes in the subcortical and periventricular WM was not different 
between the control and caffeine-treated fetuses; illustrated by comparing images of GFAP-positive astrocytes (arrowheads) in the subcortical WM in 
control (h) and caffeine-treated (i) fetuses. Scale bars: b and c = 500 μm; inset (b and c) = 100 μm; e, f, h, and i = 100 μm.
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suggesting that this regimen is not overtly injurious to the 
developing ovine brain. The lack of finding of astrogliosis is 
consistent with in vitro studies showing that addition of caf-
feine (20 mg/l; base) to newborn rat primary glial cell cultures 
does not affect the number of type 1 astrocytes and O-2A  
lineage cells (29). Conversely, caffeine treatment from P3 to 
P10 in mice resulted in a transient and dose-dependent reduc-
tion in astrocyte density in various brain regions including 
the cerebral cortex and WM (12). This difference most likely 
reflects differences in the timing of the insult and also the 
species used. Although no previous studies have assessed the 
effects of caffeine on microglia in the developing brain, we 
show that high-dose caffeine does not lead to activation or pro-
liferation of microglia in the developing ovine WM. Although 
this finding likely reflects the lack of overt WM injury, it is pos-
sible that caffeine may act directly on microglia via adenosine 
receptors to influence the production of neurotrophins (e.g., 
nerve growth factor (32)) and suppress pro-inflammatory 
mediators (33) as seen in the adult brain.

Consistent with our finding that myelination and axo-
nal integrity are unaffected by high-dose caffeine, apoptosis 
was not increased in the cerebral WM, cortex, or striatum. 
Furthermore, we found no difference in neuronal density in 
the cerebral cortex. Previously, acute high-dose caffeine (three 
doses, 50 mg/kg; base) has been proposed to induce apoptosis 
throughout the cerebral hemispheres via caspase-3-dependant 
mechanisms in newborn rats (34). Similarly, acute high-dose 

caffeine (100 mg/kg; base) administered to P3 rats resulted in 
increased apoptosis in various brain regions including the cor-
tex and caudate nucleus (35). Once again, differences between 
this and previous studies are likely due to the timing and dose 
of administration as well as the species used.

A limitation of our study is that the half-life of caffeine, a 
reflection of plasma caffeine clearance, is different in human 
neonates (preterm and term) compared with fetal sheep. In 
preterm neonates, the half-life of caffeine ranges from 80 to 
100 h (36), which is greater than we observed in fetal sheep. 
Regardless, fetal sheep were exposed to high levels of caffeine 
for 15 consecutive days with a peak plasma level of ~30 mg/l/d 
(equivalent to 154 μmol/l of caffeine). The IC50 value at which 
caffeine completely saturates A1 and A2a adenosine receptors is 
100 μmol/l (37); thus, these receptors are likely to have been 
activated by caffeine in this study and warrant investigation. 
A further limitation is that the number of animals analyzed 
per group for the physiological data was low, and thus, addi-
tional studies are required to validate this data. It is also likely 
that apparent increases in some histological parameters (e.g., 
astrocyte, microglia, and apoptotic cell density) in the caffeine 
group may be due to modest animal numbers; these numbers, 
however, were appropriate given prior power analysis. In addi-
tion, we assessed measures of WM development and markers 
suggestive of injury at only one timepoint after caffeine admin-
istration (0.8 of term). Future studies will need to address the 

Figure 5. Terminal deoxynucleotidyl transferase 2′-deoxyuridine, 
5′-triphosphate nick end labeling (TUNEL)-positive cells in the subcorti-
cal white matter (WM), periventricular WM, cortical gray matter (GM), 
and striatum of control (white columns; n = 8) and caffeine-treated (black 
columns; n = 9) fetuses. TUNEL-positive cell density in the WM, cortical 
GM, and striatum was not different between control and caffeine-treated 
fetuses (a), as illustrated by comparing images of TUNEL-positive cells 
(arrowheads) in the subcortical WM in controls (b) and caffeine-treated 
(c) fetuses. Scale bar = 100 μm.
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lyzed (a) or when bins were combined (b). (c) Bins were divided according 
to cortical layers (bin 1: cortical layer I; bin 2: layers II and III; bin 3: layer IV; 
bin 4: layers V and VI). Scale bar = 200 μm.
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effects of daily high-dose caffeine treatment on the ultrastruc-
ture of the WM, both in the short- and long-term.

Conclusion
Daily high-dose caffeine does not overtly injure the develop-
ing ovine WM or GM, or affect physiological status or growth 
at a stage of brain development that is similar to that of pre-
term infants receiving caffeine for AOP. Before definitive con-
clusions can be drawn about the safety of high-dose caffeine 
for the treatment of AOP, the possible effects of caffeine on 
other parameters of brain development such as process growth 
and connectivity, previously shown to be affected by caffeine 
(9), need to be studied. Furthermore, the potential impact of 
high-dose caffeine on other brain regions and the long-term 
consequences of high-dose caffeine treatment require further 
investigation.

METHODS
All experimental procedures were approved by the Monash University 
Animal Ethics Committee.

Surgery
Using established techniques, aseptic surgery was conducted at 99 
DG (term is ~147 DG) on 14 date-mated ewes (Merino × Border 
Leicester (13)). Catheters were chronically implanted into a fetal 
femoral artery for blood sampling and recording arterial pressure, 
a fetal femoral vein and the amniotic sac for the administration of 
antibiotics, a maternal jugular vein for drug infusions, and a maternal 
carotid artery for monitoring maternal physiological status includ-
ing arterial pressure and heart rate. Antibiotics (Engemycin (100 mg/
ml, i.v.; fetus: 0.2 ml and ewe: 4.8 ml) and ampicillin (1 g/5 ml; fetus: 
1 ml, intravenous and amniotic sac: 4 ml)) were administered for 3 d 
after surgery.  Postoperatively, sheep were held in individual pens with 
access to food and water.

Experimental Protocol
A daily bolus dose (loading dose, 25 mg/kg; maintenance dose, 
20 mg/kg) of caffeine base (Sigma-Aldrich, St Louis, MO; n = 9) or an 
equivalent volume of saline (n = 8) was administered intravenously 
to the ewe between 104 and 118 DG (0.7–0.8 of term). We admin-
istered caffeine base rather than caffeine citrate to minimize the vol-
ume required. Caffeine citrate contains anhydrous citric acid and 50% 
anhydrous caffeine base; thus, the dose of caffeine base is approxi-
mately half that of caffeine citrate (36). On the first 3 d of the caffeine 
administration (104–106 DG), fetal and maternal arterial pressures 
were monitored for 1 h before and for 5 h after each daily caffeine 
administration. Blood samples were collected hourly for 6 h from 
104–106 DG and then 3 times/d (just prior to caffeine administration 
(0 h), 1 and 6 h postcaffeine administration) until 118 DG; these were 
used to measure plasma caffeine concentrations (maternal and fetal) 
and to assess physiological status.

Necropsy
At 119 DG (0.8 of term), the ewe and fetus were euthanized using 
sodium pentobarbitone (130 mg/kg intravenous), and the fetus was 
delivered via cesarean section. Fetal weight and body dimensions 
were measured, and the ponderal index was calculated (body weight/
crown-to-rump length3).  The fetuses (control, n = 8 and caffeine, n = 
9) were transcardially perfused with isotonic saline and 4% parafor-
maldehyde in 0.1 M phosphate buffer (pH 7.4). Cerebral hemisphere, 
whole brain, and major organs were weighed.

Histology
The entire forebrain was cut coronally into blocks 5 mm thick (8–10/
animal). Blocks of the entire right hemisphere were then postfixed in 
4% paraformaldehyde (4 d, 4 °C) and embedded in paraffin. Serial 
sections (8 µm thick) were cut from each block, and 1 section/block 
stained with thionin and examined for hemorrhages and gross struc-
tural alterations.

Immunohistochemistry
Sections from equivalent sites from each lobe of the right cerebral 
hemisphere were reacted with the following antibodies: rabbit anti-
Olig2 (1:500, AB9610; Millipore, Billerica, MA) to identify the entire 
population of oligodendrocytes, rat anti-MBP (1:100, MAB395; 
Millipore) to identify mature oligodendrocytes and myelin, mouse 
anti-SMI-312 (1:1,000, SMI-312; Covance, Princeton, NJ) to iden-
tify axonal neurofilaments, rabbit anti-Iba-1 (1:1,500, 019-19741; 
WAKO Pure Chemical Industries, Osaka, Japan) to identify microg-
lia, rabbit anti-GFAP (1:1,000, ZO2334; DAKO, Carpinteria, CA) 
to identify astrocytes, and mouse anti-NeuN (1:200, MAB377; 
Millipore) to identify neurons. Sections were incubated in the 
appropriate biotinylated secondary antibodies (1:200), reacted 
using the avidin–biotin complex elite kit (Vector Laboratories, 
Burlingame, CA), and counterstained with 0.1% thionin (Iba-1 and 
GFAP only) as previously described (13). Prior to incubation with 
anti-Olig2, -MBP, -Iba-1, -GFAP, and -NeuN, antigen retrieval in 
sodium citrate buffer (pH 6.0) was performed using a microwave 
oven. For SMI-312, the sections were pretreated with 0.02% pro-
teinase K (30 min, 37 °C). Sections from each lobe were stained with 
DeadEnd Colorimetric TUNEL system (Promega, Madison, WI) 
to identify apoptotic and necrotic cell death (38). Identical staining 
parameters were used for each antibody, and sections from control 
and caffeine-treated animals were simultaneously reacted to reduce 

Figure 7. Brain regions analyzed. Coronal, thionin-stained, hemisec-
tions of the cerebral hemisphere at the level of the frontal (a), parietal (b), 
temporal (c), and occipital (d) lobe. White matter (WM; dashed line) was 
examined for immunohistochemical analysis. Measurements were made 
in the subcortical WM, periventricular WM, and corpus callosum (squares 
indicate fields of view for subcortical and periventricular WM; 2–3 fields 
analyzed/square). Measurements of neuronal number were made in the 
cortical gray matter (GM; squares indicate fields of view; 4 bins analyzed/
square). CC, corpus callosum; Cx, cortex; Hi, hippocampus; St, striatum; 
MB, midbrain. 

a b

c d

Copyright © 2014 International Pediatric Research Foundation, Inc.  Volume 76  |  Number 1  |  July 2014      Pediatric ReseARCH 61



Articles         Atik et al.

staining variability. There was no staining when the primary anti-
bodies were omitted.

Quantitative Analysis
Analyses were performed on coded slides (observer blinded to 
group) from the right cerebral hemisphere using an image analysis 
system (Image-Pro Plus v6.2; Media Cybernetics, Rockville, MD). 
Immunohistochemical analyses were performed on one section from 
each of the frontal, parietal, temporal, and occipital lobe from each 
fetus at equivalent areas within the WM and GM (TUNEL and NeuN 
only; Figure 7). All areal densities are expressed as cells per square 
millimeter, and OD is expressed in arbitrary units.

OD of MBP- and SMI-312. The intensity of MBP- and SMI-312-IR 
in the cerebral WM was determined using an OD analysis as vali-
dated by us (30). Prior to measuring, the image analysis system was 
calibrated using an image of a blank section of the glass slide (inci-
dent light) and obscured section of the slide (infinite OD). From each 
section, OD was assessed in three fields from equivalent regions of 
each of the subcortical WM, periventricular WM, and corpus callo-
sum, with a total of 6–9 fields from each section (field 0.093 mm2). 
A correction was applied to each of these images by subtracting the 
OD measurement from a region of background staining. The mean 
OD was then calculated within each region, for each animal, and a 
mean of means determined for control and caffeine-treated animals. 
Imaging and analysis of each of the immunostains were performed in 
a single day using identical parameters to maintain consistency and 
eliminate error.

Percentage WM occupied by Iba-1-immunoreactive microg-
lia. The proportion of WM area occupied by Iba-1-immunoreactive 
microglia was assessed in every 625th section throughout the entire 
right cerebral hemisphere (n = 8 sections/animal) using a digitizer 
interfaced to image analysis software. The area of each aggregation 
within a section was totaled and divided by the area of the WM of 
that section; data were expressed as a percentage (%). The mean was 
then calculated for each animal, and a mean of means for control and 
caffeine-treated groups was determined.

Areal density of Iba-1-, GFAP-, Olig2-, TUNEL-, and NeuN-
positive cells. Resting (ramified) and activated (amoeboid) Iba-1-
positive microglia (distinguished by morphology), GFAP-positive 
astrocytes, and Olig2-positive oligodendrocytes were counted in 2–3 
fields from both the subcortical and periventricular WM, with a total 
of 4–6 fields/section (field: 0.093 mm2). TUNEL-positive cells were 
counted throughout the subcortical WM, periventricular WM, corti-
cal GM, and striatum (including the internal capsule); the area of each 
region was also measured to determine the areal cell density. NeuN-
positive neurons in the cortical GM were counted in one field (field: 
0.56 mm2) in three gyri; each field was then divided into four bins (bin 
1: cortical layer I; bin 2: layers II and III; bin 3: layer IV; bin 4: layers V 
and VI). For each immunostain, the mean cell density was calculated 
for each animal and for each region or bin, and a mean of means for 
control and caffeine-treated groups was determined.

Qualitative Analysis
All SMI-312-immunoreactive sections were qualitatively assessed for 
the presence of disrupted axons and axonal spheroids.

Statistics
Power analysis was performed using the software package 
G*Power3. Using data (microglial cell density) from a previous 
study (13), we determined that 7 animals/group would enable us to 
detect 1.8 SD difference between group means (80% power, 5% type 
1 error rate). Differences between treatment groups in body mor-
phometry, organ weights, and histological data were analyzed by 
the Student’s t-test for parametric data or a Mann−Whitney U-test 
for nonparametric data. For physiological data (days 1–3), separate 
one-way repeated measures ANOVA (factors: treatment and time 
of day (repeated factor)) was used for each day. For physiologi-
cal data (days 4–15) and cardiovascular data (days 1–2), a single 
two-way repeated measures ANOVA (factors: day, treatment, and 

time of day (repeated factor)) was used. Data are presented as mean 
of means ± SEM (histology) or mean ± SEM (all other data) with  
P < 0.05 considered significant.
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