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Abstract
Preterm and critically ill newborns admitted to a NICU undergo repeated skin-breaking procedures
that are necessary for their survival. Sucrose is rapidly becoming the accepted clinical standard
nonpharmacologic intervention for managing acute procedural pain for these infants. Although
shown to be safe in single doses, only 4 studies have evaluated the effects of repeated doses of
sucrose over relatively short periods of time. None has examined the use of sucrose throughout the
NICU stay, and only 1 study evaluated the neurodevelopmental outcomes after repeated doses of
sucrose. In that study, infants born at <31 weeks’ gestational age and exposed to >10 doses per
day in the first week of life were more likely to show poorer attention and motor development in
the early months after discharge from the NICU. Results of studies in animal models have
suggested that the mechanism of action of sucrose is through opioid pathways; however, in human
infants, little has been done to examine the physiologic mechanisms involved, and the findings
reported thus far have been ambiguous. Drawing from the growing animal literature of research
that has examined the effects of chronic sugar exposure, we describe alternative amine and
hormone pathways that are common to the processing of sucrose, attention, and motor
development. In addition, are view of the latest research to examine the effects of repeated sucrose
on pain processing is presented. These 2 literatures each can inform the other and can provide an
impetus to initiate research to examine not only the mechanisms involved in the calming
mechanisms of sucrose but also in the long-term neurodevelopmental effects of repeated sucrose
in those infants born extremely preterm or critically ill.
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Providing adequate pain management for procedure-related pain remains complex for
infants in the Neonatal Intensive Care Unit (NICU). Although research has been conducted
to find ways to manage pain, effective treatments that are free from adverse effects are
elusive. Indeed, in a joint statement by the American Academy of Pediatrics and the
Canadian Paediatric Society, the committees reported that major gaps remain in our
knowledge regarding the most effective ways to prevent and relieve pain in neonates.1
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Currently, for preterm infants, severe pain, such as postoperative pain, is controlled with
pharmacologic agents.2,3 However, sweet solutions, primarily sucrose, have been
recommended extensively for minor procedural pain relief in term and preterm infants.4 A
host of individual studies and a recent Cochrane review revealed that single doses of sucrose
administered orally reduce crying, facial grimacing, motor activity, and, in some cases, heart
rate in term, preterm, and older infants during minor painful procedures.5–9

Those in many NICUs consider the use of sucrose the clinical standard for managing acute
procedure-related pain. In fact, across Canada, 64% of the nurseries have protocols for
administering sucrose for procedural pain management; nevertheless, extensive variability in
specific dosing guidelines between units is evident.10 Another group conducted an extensive
chart review of critically ill infants hospitalized for >28 days and found that, over the course
of their NICU stay, sucrose was administered 40% of the time, and an additional 17% of the
time sucrose was used in combination with morphine.11 Of concern here is the use of
sucrose in combination with opioids when empirical evidence for efficacy and/or safety is
absent.

It is important to note that preterm or critically ill term-born infants undergo repeated skin-
breaking events. The average number of painful procedures can be as high as 15 per day in
the first few weeks of life.12,13 If sucrose were administered for each procedure, the tiniest
and sickest infants could be exposed to relatively high volumes of sugar during a period of
rapid brain development.14 To give this level of exposure some perspective, if an infant who
weighs 1000 g has even 10 painful procedures per day, and for each procedure 0.5 to 1.0 mL
of 24% sucrose is given, we would be administering the same quantity as if we were giving
a 10-kg1-year-old a half can of Coke Classic per day, the concentration of sugar in a Coke
Classic being ~11% (42 g/355 mL). Although we recognize that our example is of a liquid
that has additional constituents that may add to its negative effects (eg, caffeine), our intent
is to provide an example understood by a wide audience and one to which adults themselves
could easily relate.

To date, 4 studies have examined the effects of repeated doses of sucrose over specific time
periods. In the first study, infants born at <31 weeks’ gestation were given either sterile
water or 0.1 mL of 24% sucrose during the first week of life.15 Infant development was
assessed at 32, 36, and 40 weeks of age. At ages 36 and 40 weeks, greater exposure to
sucrose (>10 doses in 24 hours) was associated with poorer motor and attentional
developmental outcomes. In another study, infants born between 27 and 30 weeks’
gestational age were given 0.1 mL of 24% sucrose before all painful procedures until 28
days of life or discharge.16 The average cumulative number of procedures over the 28 days
in which sucrose was administered was 248, with 71 of these procedures occurring in the
first week of life. Early clinical outcomes and safety were evaluated. A very low incidence
of adverse events was reported, and the incidence of hyperglycemia, oral infections,
necrotizing enterocolitis, intraventricular hemorrhage (grades III or IV), or death did not
differ between treatment and control groups. However, developmental outcomes were not
assessed. Next, either sterile water or lower volumes (0.5 mL/kg) of 25% sucrose were given
to infants born at 25 to 33 weeks’ gestational age for each procedure over 3 days.17 No
immediate adverse effects were found, and pain responsiveness remained constant; however,
once again, developmental effects were not assessed. Finally, in the most recent study,
sucrose did not prevent the development of hyperalgesia in term-born infants of diabetic
mothers given sucrose for all needle procedures in the first 24 hours.18 In summary,
although it seems that in the short-term sucrose is safe,9 only 1 study has evaluated later
neurodevelopment.15 Of critical importance is the fact that the existing studies addressed
effects of sucrose administered in preterm infants over a brief period of only 3 days,17 the
first week of life,15 or the first 28 days16 and in term infants in the first day.18 However, for
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infants born very preterm, sucrose is used over longer periods, and the relatively high
cumulative amount of sucrose during the entire NICU stay has yet to be evaluated.

In the following section we highlight research that has examined mechanisms of action,
including studies of neurochemical alterations after chronic sugar exposure found in animal
models.

POTENTIAL MECHANISMS OF ACTION OF SUCROSE AND IMPACT ON
DEVELOPMENT

Results of rodent studies have suggested that sweet solutions modulate pain through opioid
mechanisms.19–21 Only 3 studies have examined potential mechanisms of action of sucrose
in human infants, and the evidence is less clear. First, in a study of term infants born to
mothers who used methadone during pregnancy, sucrose did not provide calming.
Methadone would competitively block opioid receptors and make sucrose ineffective; thus,
the results of this study are consistent with the opioid-mediated hypothesis for sucrose
effects.22 On the other hand, in a small sample of preterm infants, changes in plasma β
endorphin did not increase after treatment with sucrose, β endorphin being an endogenous
opioid peptide neurotransmitter that acts as an opioid agonist and that has been used to
evaluate the efficacy of analgesics.23 Although in this study peripheral circulating β-
endorphin levels were not increased, changes could have occurred at a central level but
could not be measured. Finally, in term infants, naloxone hydrochloride, a morphine
antagonist given before glucose administration, did not decrease the effects of glucose
during heel lance.24 Results of these last 2 studies suggest that mechanisms other than those
mediated by opioid pathways may be involved in the effects of sucrose. Increased awareness
of the multiple physiologic processes is important for understanding how repeated sucrose
might affect both attention/orientation and motor development in preterm infants.15

Dopamine
Multiple pathways interact to transmit pain signals to the brain and to dampen the effects of
pain.25 Common links between the central processing of sugar, pain modulation, attention,
and motor development lie in the mesolimbic dopaminergic and cholinergic systems.
Dopamine plays a primary role in the descending modulation of pain.26,27 During phasic
(acute) pain, dopamine is released in sufficient quantities to stimulate postsynaptic receptors,
which results in rapid responses to a stimulus.28 Indeed, in a rodent model, acute stress in
the form of a mild foot shock not strong enough to elicit pain response induced an increase
in extracellular dopamine in the nucleus accumbens.29 More recent reports on both animals
and humans also demonstrated the supraspinal pain-modulating effects of dopamine and
dopamine receptors.30,31 Furthermore, inputs from the brainstem pedunculopontine and
laterodorsal tegmentum activate the acute firing of neurons in mesolimbic pathways. Acting
through D2-like receptors in the spinal cord, dopamine activates potassium channels in the
substantia gelatinosa and induces analgesia.32 In addition, dopamine can activate
noradrenalin, serotonin, somatostatin, enkephalins, or neuropeptides, all of which modulate
pain.33

Acetylcholine
Acetylcholine has a critical role in a wide variety of physiologic processes. Specific to pain
modulation, acting through muscarinic receptors in the spinal cord and supraspinally
through the nicotinic receptors in the periaqueductal gray area of the thalamus, increases in
acetylcholine have been shown to reduce the release of glutamate (excitatory amino acid)
and to increase the release of γ-aminobutyric acid (inhibitory amino acid), which
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concomitantly acts to reduce glutamate release.34–38 In addition, acetylcholine release in
the dentate gyrus of the hippocampus modulates pain processing.39

THE EFFECTS OF SUCROSE ON DOPAMINE AND ACETYLCHOLINE
REGULATION

A growing body of research has examined the effects of sugar on neural systems. Emerging
evidence shows the effects of sucrose/carbohydrates on regulation of the hypothalamic-
pituitary-adrenal axis in rodents (for a review see Walker40 [2005]). In addition, research
examining the parallel physiologic actions that sucrose exposure has with other substances,
such as cocaine, is now more prevalent. Although the concentration of sucrose administered
to the rodents being studied is often lower than that used in preterm infants (in animals, the
concentration is typically ~10% but can goashighas32%), the mechanisms of action have
implications for how sucrose could be processed by developing neonates.

A number of foods stimulate dopamine release in the nucleus accumbens, including sugar.
41–43 In animals that have adequate food intake, this release decreases when the animals
have access repeatedly; on the other hand, for animals that are food deprived, dopamine
increase continues (as reviewed by Avena et al44 [2008]). It is important to note that
dopamine release is proportional to sucrose concentration, not to the volume ingested.43 In
addition, excessive sugar intake increases not only μ-1 receptors but also D1 receptors.41

Chronic exposure to sucrose alters dopamine and opioid messenger RNA levels similar to
those seen in morphine-addicted rats.45 It is interesting that in animals, whereas dopamine
release is influenced by nutrition levels at the time of ingestion, 10% sucrose administration
stimulates extra-cellular acetylcholine each time it is ingested independent of nutritional
status.46

SUCROSE ADMINISTRATION, ATTENTION, AND MOTOR DEVELOPMENT
IN PRETERM INFANTS

In the only study to examine neurodevelopment, preterm infants exposed to greater numbers
of doses of sucrose during the first week of their NICU stay performed less well on
attention/orientation and motor tasks.15 Among many other functions, dopamine and
acetylcholine play a significant role in both attention and motor movement.47–51 First, as
suggested by the authors, the effects observed may have been the result of stopping the
sucrose suddenly after 1 week of administration. Although they did not comment further on
this result, one might speculate that the infants were in some way exhibiting a “withdrawal”
to the sucrose. In rodent models, animals that experienced long-term exposure to 25%
glucose (28 days for 30 minutes/day) showed a “deprivation effect” that lasted the 2 weeks
of the study period.52 Depressed behavior after the removal of sucrose has also been
observed.44 However, sucrose in the Johnston et al15 study was given for 1 week, and the
assessments occurred 5 to 9 weeks after the treatment; in the animal studies, the effects on
dopamine depended on the percentage of sucrose rather than the volume.

Another plausible explanation might be that the neural system has been programmed in a
more permanent way. Indeed, environmental regulation of dopamine systems has been
examined in developing rodents (reviewed by Meaney et al53). Early life stress, such as
maternal separation, was associated with upregulation of the system, and the rats showed
increased behavioral and dopamine responses later in life. Thus, with early repeated doses of
sucrose, acute reduction or ongoing administration could prime the system. Once the sucrose
is stopped, the system has an overabundance of receptors with reduced hormone substrate.
As has been shown in other systems, the reduction in substrate then causes a rapid pruning
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of the central receptors and resultant lowering of levels of transmitted dopamine and
acetylcholine later.

INSULIN
The role of insulin in motor and cognitive function may be another mechanism through
which sucrose has effects. Very little is known about the central actions of insulin. Newly
emerging research has shown that high-concentration insulin receptors in the brain are found
in the hypothalamus and the thalamus, among other regions.54 Central insulin plays a role in
food intake, motor activity, and memory.55 Insulin crosses the blood-brain barrier, and the
uptake of insulin into the brain is separate from its peripheral effects on blood glucose. In
mice, although central insulin had no effect on pain, it had sedative effects on locomotion
and exploratory behaviors in a dose-specific manner.54 This fact is important, because in the
Stevens et al study,16 increased risk of hyperglycemia was not found in infants who were
given repeated doses of sucrose; however, insulin levels were not measured directly. Indeed,
to the best of our knowledge, no studies have evaluated insulin levels after sucrose/glucose
administration in this population. Nevertheless, if central nervous system effects are
independent of peripheral levels, increased insulin uptake could still take place and have an
effect at a central level. Levels high enough to induce peripheral hyperglycemia may not be
required for changes at a central level. On the other hand, even if insulin levels are modestly
elevated, it is not clear that increased transport through the blood-brain barrier would occur.
Insulin transport into the brain may exhibit lower sensitivity than peripheral sensitivity.
However, this suggestion is speculative, because at the present time, no evidence exists to
show differing levels of sensitivity between peripheral and central effects.

CONCLUSIONS
Our aim is to suggest multiple potential mechanisms by which sucrose might alter attention
and motor development in preterm infants. Despite recommendations that infants receive no
more than 10 doses per day, the most recent national review of use of sucrose for pain
management revealed that although the average daily dose was 6 (mode), the maximum
number of doses ranged up to 24.10 Furthermore, with or without sucking, pain reduction
with sucrose ranges between 16% and 28% on pain-assessment scales.16,56 These effects
are equivalent to the level of pain reduction when using other nonpharmacologic
interventions such as facilitated tucking and kangaroo care.57–60 More effective pain
reduction has been found by using breastfeeding.61–63 Moreover, sucrose has variable
effects on physiologic pain indices.64 Reducing behavioral responses without concordant
reduction in physiologic responses may leave preterm infants vulnerable to adverse effects
of pain on stress hormone systems.65–68 It is important to note that Fitzgerald69 suggested
that sucrose may act as a sedative rather than an analgesic. If this is the case, then we are
likely not ameliorating potential early negative programming that repeated early pain may
have on these infants.

Although it may seem that we are giving low volumes of sugar during NICU care, research
on the potential negative long-term effects of early dietary exposure to sugar is an emerging
field.70 Thus, before clinicians lose their equipoise on the repeated use of sucrose for pain
management in pre-term infants, much more study is needed, particularly of long-term
developmental effects, because the mechanisms of action of sucrose in human infants are
not well understood. In the meantime, we urge clinicians to use sucrose cautiously and to
use other nonpharmacologic comfort measures.

Holsti and Grunau Page 5

Pediatrics. Author manuscript; available in PMC 2011 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Acknowledgments
Funded by the National Institutes of Health (NIH).

Dr Holsti’s research is funded by the SickKids Foundation, the Canadian Institutes of Health Research, and the
Faculty of Medicine, University of British Columbia. Dr Grunau’s research is funded by the Eunice Kennedy
Shriver National Institute of Child Health and Human Development and the Canadian Institutes of Health Research,
and she received salary support from the Child & Family Research Institute and the Human Early Learning
Partnership.

References
1. American Academy of Pediatrics, Committee on Fetus and Newborn; Committee on Drugs, Section

on Anesthesiology, Section on Surgery; Canadian Paediatric Society, Fetus and Newborn
Committee. Prevention and management of pain Prevention and management of pain and stress in
the neonate. Pediatrics 2000;105:454–461. [PubMed: 10654977] Paediatr Child Health 2000;5:31–
38. [PubMed: 20107594]

2. Scott CS, Riggs KW, Ling EW, et al. Morphine pharmacokinetics and pain assessment in premature
babies. J Pediatr 1999;135(4):423–429. [PubMed: 10518075]

3. Stevens B, Gibbins S, Franck LS. Treatment of pain in the neonatal intensive care unit. Pediatr Clin
North Am 2000;47(3):633–650. [PubMed: 10835995]

4. Lefrak L, Burhc K, Caravantes R, et al. Sucrose analgesia: identifying potentially better practices.
Pediatrics 2006;118(suppl2):S197–S202. [PubMed: 17079623]

5. Stevens B, Johnston C, Franck L, Petryshen P, Jack A, Foster G. The efficacy of developmentally
sensitive interventions and sucrose for relieving procedural pain in very low birth weight neonates.
Nurs Res 1999;48(1):35–42. [PubMed: 10029400]

6. Blass EM, Watt L. Suckling- and sucrose-induced analgesia in human newborns. Pain 1999;83(3):
611–623. [PubMed: 10568870]

7. Barr RG, Young SN, Wright JH, et al. “Sucrose analgesia” and diphtheria-tetanus-pertussis
immunizations at 2 and 4 months. J Dev Behav Pediatr 1995;16(4):220–225. [PubMed: 7593655]

8. Gibbins S, Stevens B, Hodnett E, Pinelli J, Ohlsson A, Darlington G. Efficacy and safety of sucrose
for procedural pain relief in pre-term and term infants. Nurs Res 2002;51(6):375–382. [PubMed:
12464757]

9. Stevens B, Yamada J, Ohlsson A. Sucrose for analgesia in newborn infants undergoing painful
procedures. Cochrane Database Syst Rev 2010;(1):CD001069. [PubMed: 20091512]

10. Taddio A, Yiu A, Smith RW, Katz J, McNair C, Shah V. Variability in clinical practice guidelines
for sweetening agents in newborn infants undergoing painful procedures. Clin J Pain 2009;25(2):
153–155. [PubMed: 19333162]

11. Harrison D, Loughnan P, Manias E, Johnston L. Analgesics administered during minor painful
procedures in a cohort of hospitalized infants: a prospective clinical audit. J Pain 2009;10(7):715–
722. [PubMed: 19398379]

12. Stevens B, McGrath P, Gibbins S, et al. Procedural pain in newborns at risk for neurology
impairment. Pain 2003;105(1–2):27–35. [PubMed: 14499417]

13. Carbajal R, Rousset A, Danan C, et al. Epidemiology and treatment of painful procedures in
neonates in intensive care units. JAMA 2008;300(1):60–70. [PubMed: 18594041]

14. Simons SH, van Dijk M, Anand KS, Roofthooft D, van Lingen RA, Tibboel D. Do we still hurt
newborn babies? A prospective study of procedural pain and analgesia in neonates. Arch Pediatr
Adolesc Med 2003;157(11):1058–1064. [PubMed: 14609893]

15. Johnston CC, Filion F, Snider L, et al. Routine sucrose analgesia during the first week of life in
neonates younger than 31 weeks’ postconceptional age. Pediatrics 2002;110(3):523–528.
[PubMed: 12205254]

16. Stevens B, Yamada J, Beyene J, et al. Consistent management of repeated procedural pain with
sucrose in preterm neonates: is it effective and safe for repeated use over time? Clin J Pain
2005;21(6):543–548. [PubMed: 16215340]

Holsti and Grunau Page 6

Pediatrics. Author manuscript; available in PMC 2011 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



17. Gaspardo CM, Miyase CI, Chimello JT, Martinez FE, Martins Linhares MB. Is pain relief equally
efficacious and free of side effects with repeated doses of oral sucrose in preterm neonates? Pain
2008;137(1):16–25. [PubMed: 17854995]

18. Taddio A, Shah V, Atenafu E, Katz J. Influence of repeated painful procedures and sucrose
analgesia on the development of hyperalgesia in newborn infants. Pain 2009;144(1–2):43–48.
[PubMed: 19329255]

19. Ren K, Blass EM, Zhou Q, Dubner R. Suckling and sucrose ingestion suppress persistent
hyperalgesia and spinal fos expression after forepaw inflammation in infant rats. Proc Natl Acad
Sci USA 1997;94(4):1471–1475. [PubMed: 9037077]

20. Blass E, Fitzgerald K, Kehoe P. Interactions between sucrose, pain and isolation distress.
Pharmacol Biochem Behav 1987;26(3):483–489. [PubMed: 3575365]

21. Kehoe P, Blass EM. Behaviorally functional opioid systems in infant rats: evidence for
pharmacological, physiological, and psychological mediation of pain and stress. Behav Neurosci
1986;100(5):624–630. [PubMed: 3640642]

22. Blass E, Ciaramataro V. A new look at some old mechanisms in human newborns: taste and tactile
determinants of state, affect and action. Monogr Soc Res Child Dev 1994;59(1):I–V. 1–81.
[PubMed: 8047076]

23. Taddio A, Shah V, Shah P, Katz J. Beta-endorphin concentration after administration of sucrose in
preterm infants. Arch Pediatr Adolesc Med 2003;157(11):1071–1074. [PubMed: 14609895]

24. Gradin M, Schollin J. The role of endogenous opioids in mediating pain reduction by orally
administered glucose among newborns. Pediatrics 2005;115(4):1004–1007. [PubMed: 15805377]

25. Willis WD, Westlund KN. Neuroanatomy of the pain system and the pathways that modulate pain.
J Clin Neurophysiol 1997;14(1):2–31. [PubMed: 9013357]

26. Chen AC, Chen TJH, Waite RL, et al. Hypothesizing that brain reward circuitry genes are genetic
antecedents for pain sensitivity and critical diagnostic and pharmacogenomic treatment targets for
chronic pain conditions. Med Hypotheses 2009;72(1):14–22. [PubMed: 18951726]

27. Wood PB. Role of central dopamine in pain and analgesia. Expert Rev Neurother 2008;8(5):781–
797. [PubMed: 18457535]

28. Wood PB. Mesolimbic dopaminergic mechanisms and pain control. Pain 2006;120(3):230–234.
[PubMed: 16427195]

29. Kalivas PW, Duffy P. Selective activation of dopamine transmission in the shell of the nucleus
accumbens by stress. Brain Res 1995;675(1–2):325–328. [PubMed: 7796146]

30. Pertovaara A, Martkiainene I, Hagelberg N, et al. Striatal dopamine D2/D3 receptor availability
correlates with individual response characteristics to pain. Eur J Neurosci 2004;20(6):1587–1592.
[PubMed: 15355325]

31. Magnusson J, Fisher K. The involvement of dopamine in nociception: the role of D1 and D2
receptors in the dorsolateral striatum. Brain Res 2000;855(2):260–266. [PubMed: 10677598]

32. Tamae A, Nakatsuka T, Koga K, et al. Direct inhibition of substantia gelantinosa neurones in the
rat spinal cord by activation of dopamine D2-like receptors. J Physiol 2005;568(pt 1):243–253.
[PubMed: 15975975]

33. Kishi R, Bongiovanni R, de Nadai TR, et al. Dorsal raphe nucleus and locus coeruleus neural
networks and the elaboration of the sweet-substance-induced antinociception. Neurosci Lett
2006;395(1):12–17. [PubMed: 16289556]

34. Li X, Eisenach JC. Nicotinic acetylcholine receptor regulation of spinal norepinephrine release.
Anesthesiology 2002;96(6):1450–1456. [PubMed: 12170059]

35. Li DP, Chen SR, Pan YZ, Levey AI, Pan HL. Role of pre-synaptic muscarinic and GABAB
receptors in spinal glutamate release and cholinergic analgesia in rats. J Physiol 2002;543(pt 3):
807–818. [PubMed: 12231640]

36. Guimarães AP, Prado WA. Antinociceptive effects of carbachol microinjected into different
portions of the mesencephalic periaquiductal gray matter of the rat. Brain Res 1994;647(2):220–
230. [PubMed: 7922498]

37. Guimarães APC, Guimarães FS, Prado WA. Modulation of carbachol-induced antinociception
from the rat periaqueductal gray. Brain Res Bull 2000;51(6):471–478. [PubMed: 10758336]

Holsti and Grunau Page 7

Pediatrics. Author manuscript; available in PMC 2011 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



38. Jones PG, Dunlop J. Targeting the cholinergic system as a therapeutic strategy for the treatment of
pain. Neuropharmacology 2007;53(2):197–206. [PubMed: 17543355]

39. Jiao R, Yang C, Zhang Y, Xu M, Yang X. Cholinergic mechanism involved in the nociceptive
modulation of dentate gyrus. Biochem Biophys Res Commun 2009;379(4):975–979. [PubMed:
19135983]

40. Walker CD. Nutritional aspects modulating brain development and the responses to stress in early
neonatal life. Prog Neuropsychopharmacol Biol Psychiatry 2005;29(8):1249–1263. [PubMed:
16253410]

41. Colantuoni C, Schwenker J, McCarthy J, et al. Excessive sugar intake alters binding to dopamine
and mu-opioid receptors in the brain. Neuroreport 2001;12(16):3549–3552. [PubMed: 11733709]

42. Hajnal A, Norgren R. Repeated access to sucrose augments dopamine turnover in the nucleus
accumbens. Neuroreport 2002;13(17):2213–2216. [PubMed: 12488799]

43. Hajnal A, Smith GP, Norgren R. Oral sucrose stimulation increases accumbens dopamine in the
rat. Am J Physiol Regul Integr Comp Physiol 2004;286(1):R31–R37. [PubMed: 12933362]

44. Avena NM, Rada P, Hoebel BG. Evidence for sugar addiction: behavioral and neurochemical
effects of intermittent, excessive sugar intake. Neurosci Biobehav Rev 2008;32(1):20–39.
[PubMed: 17617461]

45. Spangler R, Wittkowski KM, Goddard NL, Avena NM, Hoebel BG, Leibowitz SF. Opiate-like
effects of sugar on gene expression in reward areas of the rat brain. Mol Brain Res 2004;124(2):
134–142. [PubMed: 15135221]

46. Rada P, Avena NM, Hoebel BG. Daily binging on sugar repeatedly releases dopamine in the
accumbens shell. Neuroscience 2005;134(3):737–744. [PubMed: 15987666]

47. Lee RS, Steffensen SC, Henriksen SJ. Discharge profiles of ventral tegmental area GABA neurons
during movement, anesthesia, and the sleep-wake cycle. J Neurosci 2001;21(5):1757–1766.
[PubMed: 11222665]

48. Sarter M, Gehring WJ, Kozak R. More attention must be paid: the neurobiology of attentional
effort. Brain Res Rev 2006;51(2):145–160. [PubMed: 16530842]

49. Pezze MA, Dalley JW, Robbins TW. Differential roles of dopamine D1 and D2 receptors in the
nucleus accumbens in attentional performance on the five-choice serial reaction time task.
Neuropsychopharmacology 2007;32(2):273–283. [PubMed: 16641946]

50. García-Cabezas MA, Rico B, Sánchez-González MA, Cavada C. Distribution of the dopamine
innervation in the macaque and human thalamus. Neuroimage 2007;34(3):965–984. [PubMed:
17140815]

51. Langguth B, Bauer E, Feix S, et al. Modulation of human motor cortex excitability by the
cholinesterase inhibitor rivastigmine. Neurosci Lett 2007;415(1):40–44. [PubMed: 17303332]

52. Avena NM, Long KA, Hoebel BG. Sugar-dependent rats show enhanced responding for sugar after
abstinence: evidence of a sugar deprivation effect. Physiol Behav 2005;84(3):359–362. [PubMed:
15763572]

53. Meaney MJ, Brake W, Gratton A. Environmental regulation of the development of the mesolimbic
dopamine systems: a neurobiological mechanism for vulnerability to drug abuse?
Psychoneuroendocrinology 2002;27(1–2):127–138. [PubMed: 11750774]

54. Akanmu MA, Nwabudike NL, Ilesanmi OR. Analgesic, learning and memory and anxiolytic
effects of insulin in mice. Behav Brain Res 2009;196(2):237–241. [PubMed: 18840474]

55. Park CR. Cognitive effects of insulin in the central nervous system. Neurosci Biobehav Rev
2001;25(4):311–323. [PubMed: 11445137]

56. Johnston CC, Stremler RL, Stevens BJ, Horton LJ. Effectiveness of oral sucrose and simulated
rocking on pain response in preterm infants. Pain 1997;72(1–2):193–199. [PubMed: 9272803]

57. Axelin A, Salanterä S, Lehtonen L. Facilitated tucking by parents in pain management of preterm
infants: a randomized cross-over trial. Early Hum Dev 2006;82(4):241–247. [PubMed: 16410042]

58. Ludington-Hoe SM, Hosseini R, Torowicz DL. Skin-to-skin contact (kangaroo care) analgesia for
preterm infant heel stick. AACN Clin Issues 2005;16(3):373–387. [PubMed: 16082239]

59. Ferber SG, Makhoul IR. Neurobehavioral assessment of skin-to-skin effects on reaction to pain in
preterm infants: a randomized, controlled within-subject trial. Acta Paediatr 2008;97(2):171–176.
[PubMed: 18177441]

Holsti and Grunau Page 8

Pediatrics. Author manuscript; available in PMC 2011 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



60. Castral TC, Warnock F, Leite AM, Haas VJ, Scochi CG. The effects of skin-to-skin contact during
acute pain in preterm newborns. Eur J Pain 2008;12(4):464–471. [PubMed: 17869557]

61. Campbell C. Analgesic effects of sweet solutions and pacifiers in term neonates. Suckling at the
breast is better than sweet solutions and pacifiers. BMJ 2000;320(7240):1002. [PubMed:
10753160]

62. Gray L, Miller LW, Philipp BL, Blass EM. Breastfeeding is analgesic in healthy newborns.
Pediatrics 2002;109(4):590–593. [PubMed: 11927701]

63. Codipietro L, Ceccarelli M, Ponzone A. Breastfeeding or oral sucrose in term neonates receiving
heel lance: a randomized trial. Pediatrics 2008;122(3):716–721.

64. Boyer K, Johnston C, Walker CD, Filion F, Sherrard A. Does sucrose analgesia promote
physiologic stability in preterm neonates? Biol Neonate 2004;85(1):26–31. [PubMed: 14631163]

65. Grunau, RE.; Tu, MT. Long-term consequences of pain in human neonates. In: Anand, KJS.;
Stevens, BJ.; McGrath, PJ., editors. Pain in Neonates and Infants: Pain Research and Clinical
Management. 3rd ed.. Toronto, ON, Canada: Elsevier; 2007. p. 45-55.

66. Grunau RE, Haley DW, Whitfield MF, Weinberg J, Yu W, Thiessen P. Altered basal cortisol
levels at 3, 6, 8, and 18 months in preterm infants born at extremely low gestational age. J Pediatr
2007;150(2):151–156. [PubMed: 17236892]

67. Grunau RE, Weinberg J, Whitfield MF. Neonatal procedural pain and preterm infant cortisol
response to novelty at 8 months. Pediatrics 2004;114(1):e77–84. [PubMed: 15231977]

68. Grunau RE, Whitfield MF, Petrie-Thomas J, et al. Neonatal pain, parenting stress and interaction,
in relation to cognitive and motor development at 8 and 18 months in preterm infants. Pain
2009;143(1–2):138–146. [PubMed: 19307058]

69. Fitzgerald M. When is an analgesic not an analgesic? Pain 2009;144(1–2):9. [PubMed: 19375223]
70. Frazier CR, Mason P, Zhuang X, Beeler JA. Sucrose exposure in early life alters adult motivation

and weight gain. PLoS ONE 2008;3(9):e3221. [PubMed: 18797507]

Holsti and Grunau Page 9

Pediatrics. Author manuscript; available in PMC 2011 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


