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A B S T R A C T   

Buprenorphine is used during pregnancy for the treatment of opioid use disorder. Limited data exist on the 
central nervous system (CNS) permeation and distribution, and on the fetal exposure to buprenorphine. The aim 
of our study was to determine the extent of buprenorphine distribution to CNS in the pregnant sheep, and their 
fetus at steady-state, and their newborn lambs postdelivery, using three different dosing regimens. Twenty-eight 
pregnant ewes in late gestation received buprenorphine via 7-day transdermal patch releasing buprenorphine 20 
µg/h (n=9) or 40 µg/h (n=11), or an extended-release 8 mg/week subcutaneous injection (n=8). Plasma, ce
rebrospinal fluid, and CNS tissue samples were collected at steady-state from ewes and fetuses, and from lambs 
0.33 – 45 hours after delivery. High accumulation of buprenorphine was observed in all CNS tissues. The median 
CNS/plasma concentration -ratios of buprenorphine in different CNS areas ranged between 13 and 50 in the 
ewes, and between 26 and 198 in the fetuses. In the ewes the CNS/plasma -ratios were similar after the three 
dosing regimens, but higher in the fetuses in the 40 µg/h dosing group, medians 65 – 122, than in the 20 µg/h 
group, medians 26 – 54. The subcutaneous injection (theoretical release rate 47.6 µg/h) produced higher con
centrations than observed after 40 µg/h transdermal patch dosing. The median fetal/maternal concentration 
-ratios in different dosing groups ranged between 0.21 and 0.54 in plasma, and between 0.38 and 1.3 in CNS 
tissues, respectively, with the highest ratios observed in the spinal cord. Buprenorphine concentrations in the 
cerebrospinal fluid were 8 – 13 % of the concurrent plasma concentration in the ewes and 28 % in the fetuses. 
Buprenorphine was quantifiable in the newborn lambs’ plasma and CNS tissues two days postdelivery. Norbu
prenorphine was analyzed from all plasma, cerebrospinal fluid, and CNS tissue samples but was nondetectable or 
below the LLOQ in most. The current study demonstrates that buprenorphine accumulates into CNS tissues at 
much higher concentrations than in plasma in pregnant sheep, fetuses, and their newborn lambs even 45 hours 
after delivery.   

1. Introduction 

Buprenorphine (BUP), a semi-synthetic opioid analgesic, is used 

during pregnancy for the opioid maintenance treatment in opioid 
dependent women and other populations with opioid use disorder, as 
well as in pain management in acute and chronic pain. BUP’s main 

Abbreviations: BUP, Buprenorphine; CL, Plasma clearance; CNS, Central nervous system; CSF, Cerebrospinal fluid; F/M -ratio, Fetal to maternal concentration 
ratio; HPLC, , High-performance liquid chromatography; L/M -ratio, Lamb to maternal concentration ratio; LC/MS/MS, Liquid chromatography - tandem mass 
spectrometry; LLOQ, Lower limit of quantification; NBUP, Norbuprenorphine. 
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desired and undesired pharmacological effects, analgesia, reduction in 
the perception of suffering, euphoria, dizziness, and sedation, arise from 
partial agonism at the µ-opioid receptors, mainly in the central nervous 
system (CNS) (Cowan et al., 1977). 

Due to partial agonism and high affinity for the µ-opioid receptors, 
BUP may act as an antagonist at the µ-opioid receptor in the presence of 
another, full agonist, opioid (Greenwald et al., 2003). This is a property 
that makes BUP beneficial in the opioid maintenance treatment, as it 
may lower the risk of fatal overdose when other opioids are adminis
tered recreationally. In addition to µ-opioid receptor effects, BUP acts as 
an antagonist at the δ- and ĸ-opioid receptors and has partial agonistic 
interactions with the nociceptin opioid receptor (Negus et al., 2002; 
Cowan et al., 1977; Bloms-Funke et al., 2000). The opioid receptors are 
located across the CNS, including cerebral cortex, thalamus, putamen, 
cerebellum, and spinal cord (Burns et al., 2019). 

In humans, BUP is metabolized into its main, active metabolite 
norbuprenorphine (NBUP) mainly via CYP3A and CYP2C subfamilies in 
the liver, and further glucuronidated into more water-soluble metabo
lites for excretion via glucuronosyltransferases (Huang et al., 2001; Iri
barne et al., 1997; Picard et al., 2005). 

The ongoing opioid crisis has increased the number of pregnant 
women with opioid use disorder and sparked a special interest in finding 
the best treatment protocol for these women and their offspring. Com
plete withdrawal from opioids is not commonly recommended during 
pregnancy due to unknown health effects for the fetus and high rates of 
relapse (ACOG, 2017). Thus, opioid maintenance treatment with either 
BUP or methadone is recommended. However, more research is needed 
to distinguish the safety profile of these medications, and to identify 
whether one medication has a better safety profile than the other, better 
treatment outcomes for the mother-baby dyad and should be recom
mended as the primary treatment option. In a recent systematic review 
and meta-analysis of randomized controlled trials and cohort studies in 
pregnant participants attending opioid maintenance treatment, Kinsella 
and associates found BUP exposed neonates to have greater birth weight 
and length, and reduced risk of prematurity, supporting the use of BUP 
as the primary treatment option (Kinsella et al., 2022). 

Our current understanding based on scientific evidence is that BUP is 
as effective as methadone in the treatment of opioid use disorder and has 
a similar, or even superior safety profile in pregnancy (Minozzi et al., 
2020). The rather low quality of evidence is however not sufficient to 
draw firm conclusions. One important consideration when investigating 
the safety of drugs in pregnancy is the extent of fetal exposure. The 
extent of BUP transfer into the fetus and fetal CNS would certainly be 
considered important information that could help in the decision mak
ing between methadone and BUP. Knowledge on the extent of fetal 
exposure and neonate pharmacokinetics could help in estimating the 
onset, severity and duration of neonatal abstinence syndrome 
symptoms. 

The current recommendations on BUP dosing during pregnancy do 
not encourage titrating towards the lowest dose, but state that higher 
doses do not seem to pose additional safety concerns, based on infant 
outcomes after exposure to different doses in utero (SAMHSA, 2018; 
Jones et al., 2015). However, this has not been extensively studied and 
to the best of our knowledge, no pharmacokinetic data exists on fetal 
exposure to different doses. Thus, further studies are warranted to 
investigate the pharmacokinetics of different doses and dosing regimens, 
as well as the pregnancy and infant outcomes. 

Both BUP and its active metabolite NBUP are small, highly lipophilic 
compounds, with LogP values of 4.98 and 3.80, respectively (PubChem, 
2022a; PubChem, 2022b). The chemical properties make it easy for the 
compounds to cross the blood-brain-barrier into the CNS, mainly 
through passive diffusion. As BUP’s main pharmacological effects are 
mediated by receptor binding in the CNS, investigating the extent of 
transfer across the blood-brain-barrier and the distribution of BUP 
within the CNS are important to our understanding of BUP’s pharma
cology and toxicology. 

Previously, BUP and its metabolites’ CNS permeation and distribu
tion has been studied through analysis of brain concentrations using 
quantitative methods in rats (Kongstorp et al., 2019; Griffin et al., 2019) 
and mice (Schreiner et al., 2020; Rudeck et al., 2020; Liao et al., 2017), 
with microdialysis analysis in rats (Megarbane et al., 2005), with 
arterio-sagittal sinus concentration gradients in sheep (Jensen et al., 
2007), with positron emission tomography (PET) imaging in rats, ma
caques, and baboons (Auvity et al., 2021; Galynker et al., 1996), with 
radioactivity measurements after dosing with radiolabelled compounds 
in mice and rats (Coles et al., 2009; Hassan et al., 2009; Suzuki et al., 
2007), as well as through physiologically based pharmacokinetic 
modelling (Kalluri et al., 2017). These studies give estimates on the BUP 
CNS permeation and distribution, but many lack clinical relevance as 
they do not present direct quantitative or pharmacokinetic measure
ments easily extrapolated to humans or administer clinically relevant 
doses. 

To the best of our knowledge, this is the first study to investigate BUP 
concentrations in the CNS at steady-state during pregnancy, and to use a 
large animal that is comparable in maternal and fetal size to that of 
humans. For the first time, BUP concentrations are measured in different 
CNS areas, from both the ewe, their fetus and newborn lambs, and the 
first study to investigate the relationship between cerebrospinal fluid 
(CSF) BUP concentrations to those observed in plasma and CNS tissues 
drawn simultaneously. This is also the first study to investigate the effect 
of three clinically relevant, escalating BUP doses and two different drug 
formulations (transdermal patch and extended-release subcutaneous 
injection) on the concentration in the followed biological samples. The 
extended-release subcutaneous injection used here is the formulation 
and dose currently used in opioid maintenance treatment in humans 
(Buvidal®, Camurus, AB, Lund, Sweden). The extended-release subcu
taneous injection is a new formulation on the drug market, and previous 
studies have described pharmacokinetics and disposition only in plasma, 
in non-pregnant humans, rats, and dogs (Albayata et al., 2017; EMA, 
2018), but there are no data available from pregnant mammals, or CNS 
pharmacokinetics. 

The aim of the present study was to investigate the distribution of 
BUP and NBUP to, and within, the CNS of pregnant sheep and their fe
tuses at steady-state to discover the extent of BUP permeation to CNS 
and the extent of fetal exposure, and second, to investigate the extent of 
elimination of BUP in the newborn lamb during the first 48 hours after 
delivery. As this type of study cannot be done in humans due to ethical 
reasons, we executed the study in an animal model that correlates well 
with the size of a pregnant human and their fetus. 

2. Materials and methods 

2.1. Animals 

The animal transport, husbandry and experimental procedures were 
carried out according to the Finnish national legislation (Parliament of 
Finland, Act on the Protection of Animals Used for Scientific or Educa
tional Purposes (497/2013), Decree on the Protection of Animals Used 
for Scientific or Educational Purposes (564/2013) and the EU directive 
2010/63/EU (The European Parliament and the Council of the European 
Union, 2010). The study protocol was approved by the national Project 
Authorisation Board of Finland (reference no. ESAVI/7840/04.10.07/ 
2017). 

The study was done with 28 time-mated Åland landrace sheep 
(Lammastila Sikka Talu, University of Turku, Rymättylä, Finland). The 
animal husbandry and over-all care was carried out as described pre
viously (Hakomäki et al., 2021a). Briefly, the sheep were transported to 
the Laboratory Animal Center (Oulu, Finland) two weeks prior to the 
study, and were housed in groups of 4 – 5 sheep during the adaptation 
period, and in individual pens during the study period. The sheep were 
served tap water and hay ad libitum, and oat grains, turnip rape-based 
protein supplement (Farmarin rypsi, Hankkija-Maatalous Oy, 
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Seinäjoki, Finland) and mineral and vitamin supplement (Lammas 
Hertta, Hankkija-Maatalous Oy, Seinäjoki, Finland) were given twice 
daily. Animal well-being was assessed daily by a veterinarian. All ewes 
had near term pregnancies at the beginning of the study at 117 – 135 
gestational days (median 124 days), term pregnancy being 145 gesta
tional days. Each ewe had 1 – 3 fetuses (median 2). The fetuses and the 
lambs included in the analysis weighed 1.4 – 4 kg (median 2.8). The 
ewes were 1 – 9-years-old (median 3 years) and weighed 47 – 75 kg 
(median 61 kg). 

2.2. Buprenorphine administration 

Buprenorphine was administered to the ewes as either 7-day 
extended-release transdermal patches (Norspan®, Mundipharma Oy, 
Vantaa, Finland) for 3 – 8 days (median 5 days), or a single 7-day 
extended-release subcutaneous injection solution (Buvidal®), adminis
tered 3 – 7 days before the euthanization of the ewe. All the test drugs 
were from commercial sources. The transdermal patch dosing studies 
were done in three sessions between March 2018 and September 2020, 
with either one (n=9) or two (n=11) 20 µg/h BUP transdermal patches 
placed onto the antebrachium of the pregnant sheep. Before patch 
application the placement area was shaved, washed, and patted 
completely dry. After application, the patch was firmly pressed in place 
for 30 sec. To establish proper attachment throughout the study period, 
the patch was wrapped with an adhesive tape and a comfortably firm 
bandage around the leg. 

In a fourth session in April 2021, 8 mg BUP extended-release sub
cutaneous injection solution (n=8) was administered to the ewe in the 
anterior neck area. The injected solution forms a solid mass in the 
subcutaneous space after injection and is formulated to release BUP at a 
steady pace throughout seven days, a nominal release rate 47.6 µg/h 
(Electronic Medicines Compendium EMC, 2021). 

2.3. Sample collection 

Prior to the tissue sample collection, the ewe-fetus dyad went 
through a surgical procedure, a recovery period, and an experimental 
procedure where hypoxia was induced to the ewe, described previously 
in Hakomäki et al. (2021b). 

Blood samples were collected from a percutaneous external jugular 
vein catheter from the ewe and from carotid artery catheter from the 
fetus. CSF was collected by cisternal puncture. Tissue samples from the 
CNS were collected after euthanasia of the ewes and their fetuses/lambs 
with intravenous pentobarbital, with a dose of 60 mg/kg (Mebunat 
Vet®, Orion Oyj, Espoo, Finland). Maternal brain was perfused with 
normal saline prior to the sample collection. Tissue samples were 
collected from the cerebral cortex, thalamus, putamen, cerebellum, and 
spinal cord. The plasma (sample collection and storage described pre
viously in Hakomäki et al. (2021b)) and CSF samples were collected into 
cryotubes and stored at -85◦C until analysis. The tissue samples were 
collected into sample tubes, flash frozen with liquid nitrogen and stored 
at -85◦C until analysis. 

2.4. Buprenorphine and norbuprenorphine quantification 

The samples were analyzed with quantitative liquid chromatography 
triple quadrupole mass spectrometric method (LC/MS/MS). The quan
titative methods were based on the analytical method developed for the 
plasma samples, described in Hakomäki et al. (2021a), and adjusted for 
CSF and tissue matrices. BUP results are expressed as BUP free base. The 
CSF samples were prepared and analyzed as plasma samples with minor 
adjustments. The tissue samples were homogenized with 1 % perchloric 
acid solution (0.25 g +/- 0.005 g of tissue/mL). 0.005 mL of an internal 
standard solution (d4-BUP, 50 ng/mL in methanol) was added to the 
homogenate and Vortex mixed for 20 sec. 0.5 mL of the homogenate was 
transferred to a screw capped glass test tube and the pH was adjusted to 

7.5 with 0.5 M NaOH. The homogenate was further prepared as plasma 
samples. The prepared samples were analyzed using LC/MS/MS Agilent 
1290 Series UHPLC System (Agilent Technologies, Waldbronn, Ger
many) coupled to an Agilent 6495 Triple Quadrupole LC/MS with Jet 
Stream and iFunnel technology (Agilent Technologies, Palo Alto, CA, 
USA). The LC/MS/MS system conditions have been described previously 
in Hakomäki et al. (2021a). 

The lower limit of quantification (LLOQ) for BUP was 0.0098 ng/g in 
CNS tissues, 0.0098 ng/mL in plasma and 0.0024 ng/mL in CSF, with 
upper limit of linearity of 25 ng/g or ng/mL. The LLOQ for NBUP in CNS 
tissue was 0.039 ng/g, and 0.039 ng/mL in CSF and plasma, with upper 
limit of linearity of 10 ng/g or ng/mL. Recovery of BUP was 100 – 120 % 
from plasma and CSF, and 78 – 99 % from CNS tissue. The recovery of 
NBUP was 66 – 104 % from plasma. The method was selective, precise, 
and accurate. 

2.5. Data analysis 

For comparison between two groups, a nonparametric Mann- 
Whitney U Test was used. The statistical analyses were conducted 
with SigmaPlot version 14 (Systat Software Inc, San Jose, CA, USA). 
Figures were graphed using GraphPad Prism version 8 (GraphPad 
Software, La Jolla, CA, USA). 

3. Results 

Twenty-eight ewes included in the study received either 20 µg/h BUP 
via transdermal patch (n=9, fetuses n=8), or 40 µg/h BUP via trans
dermal patch (n=11, fetuses n=8, lambs n=3), or 8 mg BUP via 
extended-release subcutaneous injection (n=8, fetuses n=4, lambs 
n=4). 

Three exclusions were made into the dataset. These included CNS 
measurements from one fetus that died at 26 hours (non-representative 
of the steady-state conditions), an abnormally high plasma concentra
tion from one ewe in the 20 µg/h dose group (1.0 ng/mL) and from one 
fetus in the 40 µg/h dose group (0.88 ng/mL). 

3.1. Transdermal patch dosing 

Buprenorphine results from the 20 µg/h transdermal patch group are 
presented in Table 1 and Fig. 1A. The calculated CNS/plasma concen
tration -ratios from both ewe and the fetus were high. Fetal CNS/plasma 
-ratios were compared to maternal ratios in a statistical analysis. No 
statistically significant differences (p≥0.05) were found in cortex, cer
ebellum, thalamus, or spinal cord. BUP plasma concentrations were 
below LLOQ in three fetuses, and one ewe, and CNS/plasma ratios were 
not calculated in these cases. 

The median fetal to maternal (F/M) concentration -ratio in plasma 
was 0.54. The median F/M -ratios in different brain tissues were similar 
(0.63 – 0.76). The fetal BUP concentrations in the spinal cord were 
higher than in the ewe with median F/M -ratio of 1.3. 

NBUP concentration was below LLOQ in all samples. No CSF samples 
were collected from the 20 µg/h dose group. 

Buprenorphine results from the 40 µg/h transdermal patch group are 
presented in Table 2 and Fig. 1B. Eight out of 11 ewes and their fetuses 
were euthanized while pregnant. Three ewes were euthanized early 
after delivery and three lambs 8 – 43 hours after delivery. Results from 
the lambs are presented in Table 3. 

The calculated CNS/plasma concentration -ratios from both the ewe 
and the fetus were high. The calculated BUP CNS/plasma concentration 
-ratios from the fetus were significantly higher compared to maternal 
ratios in cortex (p=0.0020), in thalamus (p=0.0060), in cerebellum 
(p=0.0010), and in spinal cord (p=0.0010). BUP plasma concentration 
was below LLOQ in one fetus and CNS/plasma ratio was not calculated 
in this case. 

The median fetal to maternal F/M -ratio in plasma was 0.38 
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(p=0.0070). The median F/M -ratios in different brain tissues were 
similar (0.74 – 0.83). The fetal BUP concentrations in the spinal cord 
were higher than in the ewe with median F/M -ratio of 1.3. Plasma and 
CNS tissue concentrations from the three newborn lambs remained un
changed even 43 hours after delivery (Table 3). CSF concentration was 
only measured from one lamb and was below LLOQ. The calculated 
lamb to maternal (L/M) concentration -ratios 8 hours after delivery were 
0.23 in plasma and 1.8 – 3.9 in CNS tissues, 9 hours after delivery 0.19 in 
plasma and 0.66 – 1.5 in CNS tissues, and 43 hours after delivery 0.40 in 
plasma and 0.75 in spinal cord. 

The CSF concentrations were similar in the fetus and the mother, 
with median F/M -ratio of 1.0. The CNS/CSF -ratios calculated for 
different CNS tissues ranged from 145 to 530 in four fetuses, and from 77 
to 1621 in eight ewes. One ewe had a CSF concentration below LLOQ. 

NBUP was below the LLOQ in most samples. In the dose group only 
one fetal cerebellum sample had a detectable concentration, 0.048 ng/g. 
In the same cerebellum sample, BUP concentration was 3.3 ng/g, 
resulting in a BUP/NBUP -ratio of 69. 

3.2. Subcutaneous extended-release dosing 

Buprenorphine results from the 8 mg extended-release subcutaneous 
injection group are presented in Table 4 and Fig. 1C. Four out of eight 
ewes and their fetuses were euthanized while pregnant. Four ewes were 
euthanized early after delivery and three lambs 0.33 – 45 hours after 
delivery. Results from the lambs are presented in Table 5. 

The calculated BUP CNS/plasma concentration -ratios from both the 
ewe and the fetus were high. The calculated CNS/plasma -ratios were 
higher in the fetus (range 60 – 198) than in the ewe (medians 14 – 34). 

The median F/M -ratio in plasma was 0.21 (p=0.012). The median F/ 
M – ratios in CNS tissues were 0.38 – 0.56. Plasma concentrations from 
the newborn lambs were below LLOQ 2.8 and 45 hours after delivery 
(Table 5). CNS tissue concentrations in the lambs remained unchanged 
during the first 2.8 hours postdelivery but show decreased spinal cord 

concentration at 45 hours postdelivery. CSF concentration was 
measured from one lamb and was below LLOQ, as in the fetuses from the 
same dose group. Calculated L/M -ratios 0.33 hours after delivery were 
0.53 – 0.94 in CNS tissues, 2 hours after delivery 0.52 in plasma and 0.52 
– 1.2 in CNS tissues, and 45 hours after delivery 0.14 in spinal cord. 

CSF samples were analyzed from two fetuses and five ewes. In the 
fetuses, BUP concentrations were below LLOQ. In the ewes one CSF 
sample was below LLOQ. The median CSF/plasma -ratio in the ewes was 
0.083, and the CNS/CSF -ratios calculated for different CNS tissues 
ranged from 117 to 3006 in four ewes. 

NBUP was below the LLOQ in most samples. One lamb whose sam
ples were collected 0.33 h postdelivery had quantifiable concentrations 
of 0.067 ng/g in thalamus and 0.69 ng/g in cerebellum. Respective 
maternal samples (ID 24), collected after births (20 minutes prior to fetal 
sample collection), had a NBUP concentration of 0.041 ng/g in thal
amus. Additionally, ewe ID 25, had a concentration of 0.058 ng/g in 
cerebellum and 0.047 ng/g in putamen. Ewe, ID 26, 0.049 ng/g in 
cortex, 0.16 ng/g in cerebellum, and 0.059 in putamen. Ewe, ID 28, 
0.045 ng/g in cerebellum. The corresponding BUP concentrations in the 
same samples were high (5.1 – 12 ng/g), resulting in a median BUP/ 
NBUP concentration -ratio of 139 (range 37 – 268) in ewes, and 8.7 – 98 
in the fetal samples. 

Table 1 
Buprenorphine concentrations in the central nervous system and plasma, at 
steady-state, from pregnant ewes and their fetuses receiving 20 µg/h bupre
norphine via transdermal patch, expressed as median (min-max). Comparisons 
between fetal and maternal concentrations are expressed as fetal to maternal (F/ 
M) -ratios from paired measurements.   

All results Comparison 
Fetal Maternal F/M -ratio 
Value CNS/ 

plasma- 
ratio 

Value CNS/ 
plasma- 
ratio 

Value 

Sampling 
time 
(h) 

145 (78 
– 196) 
n=8  

146 (78 
– 196) 
n=9   

Plasma (ng/ 
mL) 

0.023 
(0.012 – 
0.088) 
n=6  

0.030 
(0.016 – 
0.18) 
n=7  

0.54 (0.16 – 
2.4) 
n=4 

Cortex 
(ng/g) 

0.36 
(0.14 – 
1.5) 
n=8 

26 (6.1 – 
51) 
n=5 

0.64 
(0.13 – 
3.4) 
n=9 

22 (16 – 
39) 
n=7 

0.66 (0.36 – 
1.1) 
n=8 

Thalamus 
(ng/g) 

0.70 
(0.53 – 
3.5) 
n=8 

54 (9.0 – 
121) 
n=5 

0.97 
(0.17 – 
4.2) 
n=9 

28 (22 – 
134) 
n=7 

0.76 (0.56 – 
3.2) 
n=8 

Cerebellum 
(ng/g) 

0.57 
(0.23 – 
1.4) 
n=7 

34 (8.0 – 
84) 
n=4 

0.90 
(0.19 – 
4.5) 
n=9 

32 (17 – 
53) 
n=7 

0.63 (0.23 – 
1.4) 
n=7 

Spinal cord 
(ng/g) 

0.49 
(0.18 – 
2.2) 
n=8 

44 (5.9 – 
77) 
n=5 

0.35 
(0.089 – 
0.55) 
n=8 

13 (10 – 
31) 
n=6 

1.3 (0.56 – 
3.2) 
n=7 

Abbreviations: CNS, central nervous system; F/M -ratio, fetal to maternal -ratio 

Fig. 1. The mean (with standard deviation) buprenorphine central nervous 
system tissue and plasma sample concentrations at steady-state, from pregnant 
sheep (striped, black bar) and their fetuses (striped, white bar) receiving 
buprenorphine via A) 20 µg/h transdermal patch, B) 40 µg/h transdermal 
patch, C) 8 mg/week extended-release subcutaneous injection. 
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3.4. Between-dose group comparison 

When comparing the results from the two transdermal patch dose 
groups (20 and 40 µg/h), we observed that as the dose increased, the 
median plasma concentration increased 3.2-fold in the ewe and only 1.1- 
fold in the fetus (Tables 1 and 2). The concomitant median CNS tissue 
concentrations increased 4.1-fold on average in the ewe, and 4.7-fold in 

the fetus. Consequently, as the dose increased, the median CNS/plasma 
-ratios increased on average 1.5-fold in the ewes and 2.6-fold in the 
fetuses. The increases for the fetal CNS/plasma -ratios were significant 
in cortex (p=0.0040), in cerebellum (p=0.010), and in spinal cord 

Table 2 
Buprenorphine concentrations in the central nervous system and plasma, at 
steady-state, from pregnant ewes and their fetuses receiving 40 µg/h bupre
norphine via transdermal patch, expressed as median (min-max). Comparisons 
between fetal and maternal concentrations are expressed as fetal to maternal (F/ 
M) -ratios from paired measurements.   

All results Comparison 
Fetal Maternal F/M -ratio 
Value CNS or 

CSF 
/plasma 
-ratio 

Value CNS or 
CSF/ 
plasma 
-ratio 

Value 

Sampling 
time 
(h) 

120 (73 – 
155) 
n=8  

120 (73 – 
155) 
n=11   

Plasma (ng/ 
mL) 

0.026 
(0.018 – 
0.053)††

n=6  

0.094 
(0.025 – 
0.21) 
n=11  

0.38 (0.22 – 
0.78) 
n=6 

CSF 
(ng/mL) 

0.0057 
(0.0029 
– 0.018) 
n=4 

0.28 (0.25 
– 0.55)* 
n=3 

0.0088 
(0.0031 
– 0.022) 
n=8 

0.13 
(0.029 – 
0.34) 
n=8 

1.0 (0.31 – 
1.5) 
n=3 

Cortex 
(ng/g) 

1.6 (0.46 
– 2.7) 
n=8 

65 (51 – 
80)** 
n=6 

2.2 (0.86 
– 4.4) 
n=11 

28 (15 – 
61) 
n=11 

0.74 (0.40 – 
1.5) 
n=8 

Thalamus 
(ng/g) 

2.8 (0.94 
– 5.6) 
n=8 

118 (53 – 
143)** 
n=6 

3.1 (1.2 – 
9.9) 
n=11 

38 (12 – 
106) 
n=11 

0.83 (0.32 – 
1.2) 
n=8 

Cerebellum 
(ng/g) 

3.3 (0.85 
– 4.7) 
n=8 

122 (89 – 
138)** 
n=6 

4.8 (1.1 – 
8.6) 
n=11 

50 (25 – 
79) 
n=11 

0.74 (0.45 – 
1.9) 
n=8 

Spinal cord 
(ng/g) 

2.3 (0.71 
– 3.9) 
n=8 

88 (68 – 
106)** 
n=6 

1.6 (0.55 
– 4.9) 
n=11 

21 (12 – 
35) 
n=11 

1.3 (0.79 – 
2.4) 
n=8 

Abbreviations: CNS, central nervous system; CSF, cerebrospinal fluid; F/M 
-ratio, fetal to maternal ratio 

†† p-value 0.007 compared with respective maternal plasma concentration 
* p-value 0.048 compared with respective maternal CSF/plasma -ratio 
** p-value < 0.01 compared with respective maternal CNS/plasma -ratio 

Table 3 
Buprenorphine concentrations in biological samples from newborn lambs 
exposed to maternally administered buprenorphine via 40 µg/h releasing 
transdermal patch. Median concentrations from unborn fetuses from the same 
dose group are presented as reference (shadowed column). NA represents 
samples that were not available.  

Dose 40 µg/h transdermal patch 
Sampling time after birth(h) Median in fetus 8.0 9.0 43 

In utero exposure 
(h) 

120 125 120 118 

Plasma 
(ng/mL) 

0.026 0.048 0.018 0.048 

CSF 
(ng/mL) 

0.0057 NA NA < LLOQ 

Cortex 
(ng/g) 

1.6 6.9 1.8 NA 

Thalamus 
(ng/g) 

2.8 9.6 2.9 NA 

Cerebellum 
(ng/g) 

3.3 NA 3.3 NA 

Spinal cord 
(ng/g) 

2.3 4.6 1.9 1.2  

Table 4 
Buprenorphine concentrations in the central nervous system and plasma, at 
steady-state, from pregnant ewes and their fetuses receiving 8 mg of bupre
norphine via extended-release subcutaneous injection, expressed as median 
(min-max). Comparisons between fetal and maternal concentrations are 
expressed as fetal to maternal (F/M) -ratios from paired measurements.   

All results Comparison 
Fetal Maternal F/M -ratio 
Value CNS/ 

plasma- 
ratio 

Value CNS or 
CSF 
/plasma 
-ratio 

Value 

Sampling 
time 
(h) 

112 (100 
– 168) 
n=4  

100 (80 – 
168) 
n=8   

Plasma (ng/ 
mL) 

0.072 
(0.049 – 
0.073)††

n=3  

0.32 
(0.18 – 
0.45) 
n=8  

0.21 (0.18 – 
0.23) 
n=3 

CSF 
(ng/mL) 

< LLOQ 
n=2 

NA 0.023 
(0.0038 
– 0.039) 
n=4 

0.083 
(0.0085 – 
0.15) 
n=4 

NA 

Cortex 
(ng/g) 

2.1 (1.3 
– 2.9) 
n=2 

60 
n=1 

5.7 (4.5 – 
9.1) 
n=7 

21 (15 – 
25) 
n=7 

0.39 (0.26 – 
0.52) 
n=2 

Thalamus 
(ng/g) 

3.5 (1.9 
– 5.0) 
n=2 

103 
n=1 

8.0 (5.1 – 
11) 
n=7 

24 (19 – 
43) 
n=7 

0.38 (0.23 – 
0.52) 
n=2 

Putamen 
(ng/g) 

5.7 (1.7 
– 9.7) 
n=2 

198 
n=1 

8.3 (5.4 – 
11) 
n=7 

30 (15 – 
46) 
n=7 

0.56 (0.21 – 
0.92) 
n=2 

Cerebellum 
(ng/g) 

3.1 (1.8 
– 4.4) 
n=2 

90 
n=1 

10 (5.9 – 
12) 
n=6 

34 (18 – 
44) 
n=6 

0.50 
n=1 

Spinal cord 
(ng/g) 

2.2 (1.4 
– 2.9) 
n=2 

60 
n=1 

5.1 (3.5 – 
5.4) 
n=7 

14 (11 – 
23) 
n=7 

0.41 (0.26 – 
0.55) 
n=2 

Abbreviations: CNS, central nervous system; CSF, central nervous system; F/M 
-ratio, fetal to maternal -ratio 

†† p-value 0.012 compared with respective maternal plasma concentration 

Table 5 
Buprenorphine concentrations in biological samples from newborn lambs 
exposed to maternally administered buprenorphine via 8 mg/week extended- 
release subcutaneous injection. Median concentrations from unborn fetuses 
from the same dose group are presented as reference (shadowed column). NA 
represents samples that were not available.  

Dose 8 mg/week subcutaneous injection 
Sampling time after 
birth(h) 

Median in 
fetus 

0.33 2.0 2.8 45 

In utero exposure 
(h) 

112 82 119 91 80 

Plasma 
(ng/mL) 

0.072 NA 0.094 <

LLOQ 
<

LLOQ 
CSF 

(ng/mL) 
< LLOQ NA NA <

LLOQ 
NA 

Cortex 
(ng/g) 

2.1 4.4 3.9 0.87 NA 

Thalamus 
(ng/g) 

3.5 6.6 6.1 2.3 NA 

Putamen 
(ng/g) 

5.7 6.9 4.2 1.9 NA 

Cerebellum 
(ng/g) 

3.1 6.0 5.1 1.4 NA 

Spinal cord 
(ng/g) 

2.2 5.0 3.5 0.81 0.48  
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(p=0.017). 
Both individual and pooled CNS/plasma -ratios (cortex, thalamus, 

cerebellum, spinal cord) by dose group for the ewe and the fetus are 
presented in Fig. 2. The pooled maternal ratios were similar between 20 
and 40 µg/h dose groups, but the fetal CNS/plasma -ratios were signif
icantly higher in the 40 µg/h dose group compared to 20 µg/h group 
(p<0.001). 

The nominal release of the 8 mg/week extended-release BUP sub
cutaneous injection of 47.6 µg/h translates into 1.2-fold higher dose 
compared with 40 µg/h. However, the median plasma BUP concentra
tion was 2.8-fold higher in the fetus and 3.4-fold higher in the ewe at 
steady-state after subcutaneous injection compared to the 40 µg/h 
transdermal patch. The concomitant increase seen in median CNS con
centrations were 0.94 – 1.3-fold in the fetus and 2.1 – 3.2-fold in the 
ewe. 

Both individual and pooled F/M -ratios from all three dose groups are 
presented in Fig. 3. Wide between-subject variability was observed. The 
F/M -ratios were lowest in the plasma and largest in the spinal cord. 

4. Discussion 

In the present study we determined BUP and NBUP concentrations 
from plasma, CSF, and CNS tissues in pregnant sheep and their fetuses at 
steady-state, and from newborn lambs several hours postdelivery, after 
continuous administration of three different doses (20 and 40 µg/h, and 
8 mg/week) and two different BUP formulations (transdermal patch and 
extended-release subcutaneous injection). To the best of our knowledge 
this was the first study to investigate BUP CNS permeation and distri
bution in a large animal, that is comparable in size to humans. This was 
also the first study to do this in a pregnant animal model, measuring 
concentrations from ewes, fetuses, and lambs. Previously BUP and its 
metabolites’ CNS permeation and distribution have been studied in ro
dents (Kongstorp et al., 2019; Griffin et al., 2019; Schreiner et al., 2020; 
Rudeck et al., 2020; Liao et al., 2017; Megarbane et al., 2005) and by 
using surrogate markers for CNS concentrations (Jensen et al., 2007; 
Auvity et al., 2021; Galynker et al., 1996; Coles et al., 2009; Hassan 
et al., 2009; Suzuki et al., 2007; Kalluri et al., 2017), which are difficult 
to reliably extrapolate to humans due to size differences, as well as due 
to the use of high doses that are not clinically relevant. Here, we have 
demonstrated BUP permeation and distribution in the CNS in pregnant 
ewes, fetuses, and lambs using clinically relevant doses and modern 
quantification methods. 

As a novel finding we discovered that BUP accumulates into CNS 

tissues in both the ewe and the fetus and is present in the CNS tissues at 
much higher concentrations than in the plasma and the CSF, and still 
present in the newborn even after 45 hours postdelivery. As a second 
novel finding, we discovered that BUP permeation into fetal CNS was 
more extensive than in the ewe, as CNS tissue to plasma -ratios, as well 
as CSF to plasma -ratios were found to be substantially larger in fetuses 
than in ewes, especially at higher doses. The high accumulation into 
tissues is in accordance with BUP’s physicochemical properties, most 
importantly high lipophilicity and small molecular weight (PubChem, 
2022a). These properties make it easy for BUP to cross the 
blood-brain-barrier into the CNS, where it binds to opioid receptors and 
elicits its effects. 

The median BUP CNS/plasma concentration -ratios were 13 to 50 in 
the ewes, and 26 to 122 in the fetus at steady-state, indicating extensive 
tissue binding. BUP brain to plasma or serum concentration ratios have 
been studied previously in rats and mice and the results are similar to 
our findings in the ewes, with brain/blood -ratios of approximately 10 – 
25 (Rudeck et al., 2020; Schreiner et al., 2020; Kongstorp et al., 2019). 
Kongstorp and associates (2019) studied BUP and methadone brain 
distribution and accumulation in pregnant rats after continuous BUP 
dosing. They found BUP to accumulate into the brain tissue in both the 
dam and the fetus. BUP’s brain to plasma ratio was approximately 10 in 
the dams and 4 in the fetuses. The CNS tissue/plasma -ratios, reported 
here were much larger in the fetuses. Additionally, Kongstorp et al. 
(2019) reported BUP brain concentration in the fetus to be approxi
mately one-third of the concurrent maternal brain concentration, which 
was also smaller than the median F/M -ratios 0.38 – 1.3 observed for 
CNS tissues in the present study. The largest F/M -ratios in the current 
study were observed in the spinal cord, where most ratios exceeded 1.0. 
The reason for the discrepancy is most likely explained by species dif
ferences in rats and sheep. The rat study investigated BUP concentra
tions in newborns on the 1st and 7th postnatal days and found BUP brain 
concentration to still be large on the 1st postnatal day, and substantially 
reduced, but still quantifiable on 7th postnatal day. These findings are in 
accordance with the current findings in newborn lambs. An interesting 
finding from the rat study was that the brain/plasma -ratio of metha
done was approximately 3 in dams and 4 in fetuses, and the concen
trations in the fetal brain were twice as high as in maternal brain, which 
is indicative of more extensive transplacental transfer and accumulation 
of methadone in fetuses (Kongstorp et al., 2019). 

Our previous pharmacokinetic study in pregnant sheep adminis
tering BUP via transdermal patch, showed that plasma BUP concentra
tions in the fetus were approximately 13 – 27 % of the maternal 
concentration throughout the exposure period of six days, indicating 

Fig. 2. Buprenorphine central nervous system (CNS) tissue to plasma concen
tration ratios at steady-state, from two transdermal dose groups, receiving 20 
µg/h or 40 µg/h of buprenorphine. The dots represent individual measurements 
from all sampled tissues (cortex, thalamus, cerebellum, spinal cord). The solid 
line represents the grand medium of the pooled data. *** p-value < 0.001 
compared with 20 µg/h fetal ratios. 

Fig. 3. The pooled fetal to maternal (F/M) -ratios of buprenorphine concen
trations in central nervous system tissues, cerebrospinal fluid (CSF), and plasma 
at steady-state after extended-release transdermal patch or subcutaneous in
jection administration to pregnant sheep. The dots represent individual mea
surements, and the solid line represents the grand median. 
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low transplacental transfer of BUP or BUP metabolism in the fetus 
(Hakomäki et al., 2021b). In the present study, the F/M -ratios (%) in 
different dosing groups ranged from 21 to 54 % in plasma, which is in 
accordance with our previous finding. Our current findings of absolute 
plasma concentrations are in accordance with those reported earlier in 
Hakomäki et al. (2021b) and correlate well with those observed in 
humans. 

The recently approved extended-release subcutaneous injection 
formulation used in the opioid maintenance treatment in humans, was 
investigated in the present study. We found plasma concentrations in the 
ewes to be similar to those observed in humans with the same formu
lation (Albayaty et al., 2017). Once-a-week 16 mg extended-release 
subcutaneous injection produced a mean plasma concentration of 
approximately 1.0 ng/mL on the fourth exposure day in healthy vol
unteers, which, if dose-adjusted, would correspond to a theoretical 
plasma concentration of 0.5 ng/mL for the 8 mg/week dose used in the 
present study. This is close to our finding in pregnant ewes (mean 0.32 
ng/mL). However noteworthy, pregnant sheep have previously been 
shown to have higher plasma clearance than observed in non-pregnant 
humans (Hakomäki et al., 2021b), which may result in lower plasma 
concentrations. Theoretically the extended-release subcutaneous 8 
mg/week injection releases BUP at a steady pace of 47.6 µg/h, which 
translates into 1.2-fold higher dose compared to the 40 µg/h transdermal 
patch. The plasma concentrations observed at the end of the study for 
Buvidal® were 3.4-fold and 2.8-fold higher in the ewes and fetuses, 
respectively, than in the 40 µg/h transdermal patch dose group. The 
difference is most likely related to the decline of BUP transdermal patch 
release rate observed in Hakomäki et al. (2021b) in the sheep model, 
that results in lower BUP plasma concentrations towards the end of the 
study. The higher dose-adjusted plasma concentrations observed to
wards the end of the dosing interval may indicate a steadier release of 
BUP from the subcutaneous formulation. Overall, the commercial 
extended-release subcutaneous injection formulation performed well 
and resulted in smaller between-subject variability, as dosing is not as 
highly influenced by the external factors, such as hair growth and proper 
patch placement, as with transdermal drug delivery. 

As observed in the present study, the median F/M -ratios found in the 
plasma were smaller than in the CNS. The results indicate high accu
mulation of BUP in the CNS for both the ewes and the fetuses. However, 
we found BUP CNS/plasma and CSF/plasma -ratios to be significantly 
higher in the fetus than in the ewe, indicating more extensive perme
ation and accumulation of BUP in the fetal CNS. The extensive perme
ation is most likely affected by the immature fetal blood-brain-barrier 
that allows more BUP to enter the CNS, possible lower protein binding of 
BUP in the plasma that increases the fraction of unbound BUP in plasma 
that is able to cross biological membranes, and the lower pH of the fetus 
that may cause ion trapping of BUP (chemically a weak base) on the fetal 
side. Additionally, we studied three different dosing regimens and two 
different formulations for extended BUP administration. We found 
maternal CNS/plasma -ratio to remain steady regardless of dose or 
formulation. Fetal CNS/plasma -ratio was similar to that of ewes in the 
20 µg/h transdermal patch group (lowest dose) but increased signifi
cantly when dose was increased. The mechanism behind this novel 
finding is unknown but could be caused by saturation of a transfer 
process in the fetus. Nonetheless, more research is needed to investigate 
the effect of different doses before firm conclusions can be drawn. 

The median BUP CSF concentrations were found to be 8.3 – 13 % of 
the concurrent plasma concentration in the ewe and 28 % in the fetus. 
This is higher than would be expected in humans solely based on plasma 
protein binding of BUP and the fraction of unbound BUP that is able to 
cross the blood-brain-barrier (approximately 2 – 3 %). However, BUP 
plasma protein binding in sheep is yet to be studied, thus extrapolation 
to humans would be ambitious. Additionally, we found the CNS/CSF 
-ratios to range from 77 – 3006. Thus, the CSF concentration, sometimes 
used as a surrogate marker of CNS distribution of opioid analgesics 
(Kinnunen et al., 2019), do not reflect the concentrations found in the 

CNS tissues in our animal model. 
Seven sheep gave birth during the study, and we were able to mea

sure concentrations in the newborn lambs 0.33 – 45 hours postdelivery. 
We found concentrations in the plasma and CNS tissues to remain rather 
unchanged during the first 9 hours and slightly decline towards 45 
hours. BUP concentrations were still measurable and even high two days 
postdelivery, indicating slow release and redistribution of BUP from CNS 
tissues and/or slow elimination rate in the newborn. This is in accor
dance with the clinical finding of delayed onset of neonatal abstinence 
syndrome in the newborn human babies (Galeema et al., 2012). 

Due to the evasion of first-pass metabolism in the liver, achieved by 
utilizing the non-oral drug administration routes, and low level of 
biotransformation of BUP into NBUP in sheep (observed previously in 
Hakomäki et al., 2021a,b), NBUP concentrations were below the LLOQ 
in most samples. However, some sheep had low, but quantifiable NBUP 
concentrations in CNS tissue samples. As observed in the present study, 
BUP accumulates in the CNS tissues. This is possible for NBUP as well, in 
theory, due to similar chemical characteristics as BUP (high lip
ophilicity, low polar surface area, small molecular weight), which may 
explain the NBUP concentrations observed in tissues but not in plasma 
or CSF. However, this cannot be concluded based on the data presented 
here. Earlier evidence suggests NBUP is a substrate for p-glycoprotein 
(efflux pump), but BUP is not, which most likely affect the CNS phar
macokinetics of these compounds (Brown et al., 2012). 

This experimental study has limitations. We were unable to collect 
all the samples from the maternal-fetal pairs, and some plasma and CSF 
samples had concentrations below LLOQ, which limited the calcula
tions. Another limitation of our study is that NBUP CNS permeation and 
distribution could not be investigated, due to the negligible concentra
tions observed in sheep. Major strengths of the study were the use of 
sensitive LC/MS/MS analytical method to accurately quantify low 
concentrations in multiple biological matrices. The number of sheep 
used in the study, and the use of large animal that is equal in size to 
humans and has fetuses of similar size as humans, which enabled the 
dissection of the CNS tissues and quantification of different CNS regions, 
and the ability to use clinically relevant doses and formulations also 
used in humans. The use of extended-release delivery systems in the 
study protocol was of clinical importance. Both transdermal patch and 
injectable extended-release buprenorphine formulation remove the 
need for daily dispensing and supervision of the oral administration and 
are therefore feasible delivery systems for opioid maintenance therapy 
for pregnant women as well. In the present study we were able to reach 
steady-state due to the used formulations for accurate determination of 
concentrations and ratios between the ewe and the fetus, and between 
the plasma and the CNS. 

In conclusion, as a lipophilic compound BUP accumulates into tissues 
and is present in the CNS at much higher concentrations than in plasma 
and CSF in pregnant sheep and their fetuses. In the present study we 
have reported BUP and NBUP concentrations from plasma, CSF, and 
CNS tissues at steady-state and found BUP to extensively accumulate 
into the fetal CNS, and to be present in the newborn lamb CNS and 
plasma even 45 hours postdelivery. 
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