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1  | INTRODUC TION

Distinct anatomical and physiological similarities between the 
human and the porcine cardiovascular systems have led to the 

adoption of the pig as a major large animal model in biomedical re-
search (Kaska et al., 2018; Lamby et al., 2017; Matschke et al., 2012). 
However, for most purposes, domestic pig breeds are large, some 
breeds growing up to 220 kg when fully mature, and can be difficult 
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Abstract
The purpose of this study was to gain knowledge about the micromorphology of the 
porcine common carotid artery (CCA) during the period of growth over the bodyweight 
range of 10–40 kg. CCA samples from German landrace pigs (DL) aged either 2 or 
3 months (DL-2 and DL-3) were compared with samples from Göttingen minipigs (GM) 
aged either 18 or 40 months (GM-18 and GM-40) using transmitted light (phase-con-
trast mode) and transmission electron microscopy. The GM-18, GM-40 and the DL-3 
groups had typical muscular artery histological characteristics. Contrasting to this, the 
2-month-old DL pigs had a transitional artery type being characterized by a significantly 
higher proportion of elastic fibres and a significantly lower number of smooth muscle 
cells than did the 1 month older DL-3. During the period of maturation, the tunica media 
of the CCA in GM animals thickened by 1.3× and in DL animals by 2.5× resulting in an 
overall increased vessel wall thickness. The cumulated thickness of the tunica interna 
(endothelium, stratum subendotheliale and internal elastic lamina) and the tunica media 
(including the external elastic lamina) of DL-3 and GM-40 pigs were similar to each 
other and comparable to that of humans. With an increasing vessel wall thickness, the 
luminal diameter decreased in GM by 19% and in DL by 11%. Additionally, in the older 
age groups, GM-40 and DL-3, the internal elastic lamina principally was continuous, but 
there were also interrupted large segments of elastic lamina separated by gaps. In addi-
tion, the principal internal elastic lamina was duplicated in several places.
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to manage and house. To overcome these problems, several small 
pig breeds were developed in the late 1900s, notably the German 
landrace pigs (GM) in the 1960s, the result of crossbreeding the 
Vietnamese pot-bellied pig 60%, the Minnesota minipig 33% and 
DL pigs 7%. The Göttingen minipigs (GM) is a docile, rapidly grow-
ing small pig with a mature bodyweight between 35 and 45 kg. The 
animals reach sexual maturity at an early age and are easy to handle. 
GM are frequently used in biomedical studies particularly cardio-
vascular research (Hiebl et al., 2010). Recently, research has shown 
that individual animals can be characterized by certain particular-
ities in the gross morphological structure of the vascular system 
(Hiebl et al., 2009, 2010), which make the gross vascular pattern 
unique for each individual. One or two additional veins were found 
in a parallel course to the subclavian vein duplicates uni-/bilaterally, 
whereby these additional veins had a smaller caliber than the sub-
clavian vein duplicates. Another particularity of the minipig vascu-
lature was a segmental splitting of veins within their regular course 
only for a short distance into two parts, which thereafter merged 
together and formed the single vein again. This phenomenon is de-
scribed to be caused by intussusception (van Groningen, Wenink, 
& Testers, 1991) and noted it at the zone of division of the caudal 
vena cava into the left and right common iliac vein, and within the 
course of the linguofacial vein towards the maxillary vein. These 
fenestrations are supposed to be determined already in the em-
bryonic phase when the origins, the shape and the course of blood 
vessels are fixed by the assembly of the mesodermal coat (Bremer, 
1915) and are believed to be caused by inhibited maturation pro-
cesses (Nelson, Pollak, Jonasson, & Abcarian, 1988; Weber, 1974). 
However, currently only rare systematic data are available about 
the micromorphology of the GM vasculature at different stages of 
age. This motivated us to assess the micromorphology of their CCA 
in DL aged between 2 and 3 months and GM aged between 18 and 
40 months that typically have bodyweights between 10 and 40 kg.

2  | MATERIAL S AND METHODS

2.1 | Animals

The study was performed with GM and DL pigs within the body-
weight range of 10–40 kg, because in our experience this is the 
weight range most commonly used in biomedical experiments.

The DL (n = 13) were sourced from stock bred by the Freie 
Universität Berlin and the GM (n = 8) from a commercial supplier 
(Ellegaard Göttingen® Minipigs A/S). All pigs had previously been used 
in other animal studies that had been approved by the Office for Health 
and Social Affairs (LAGeSo, 0066/09, 114/07) in Berlin (Germany).

The study groups were as follows: group DL-2 of six 2-month-
old DL having bodyweights of 10.3 ± 2.6 kg; group DL-3 of seven 
3-month-old DL having bodyweights of 39.0 ± 2.5 kg as well as 
group GM-18 of five 18-month-old GM having bodyweights of 
28.0 ± 3.0 kg and group GM-40 of three 40-month-old GM having 
bodyweight of 42.0 ± 1.7 kg.

2.2 | Anaesthesia and sample collection

Anaesthesia was initiated by an intramuscular injection of azaperone 
(0.5 mg/kg) and ketamine (10 mg/kg). For anaesthesia maintenance, 
both drugs were applied intravenously (0.5 mg/kg azaperone and 
10 mg/kg ketamine). Euthanasia was effected by an intravenous in-
jection of embutramide (6 ml/50 kg). Immediately after euthanasia, 
the bodyweight of each pig was measured using a mechanical scale 
(Sartorius). Then, the right CCA was excised from the origin at the 
truncus bicaroticus and the division to the internal and external ca-
rotid artery.

2.3 | Sample preparation

The medium third of the CCA was processed for transmitted light 
microscopy (phase-contrast mode) and for transmission electron 
microscopy.

For phase-contrast microscopy, the samples were fixed in 4 
vol-% PBS-buffered formalin (Roth) for 48 hr at 4°C, subsequently 
dehydrated using an ascending series of ethanol concentrations, 
then embedded in paraffin blocks and cut into 5 µm thin sections. 
After dewaxing with xylene (Roth) and rehydration through de-
scending concentrations of ethanol, the samples were stained with 
resorcin-fuchsin-thiazine-red-picric acid according to the standard 
protocol given of Romeis (Mulisch & Welsch, 2010).

For transmission electron microscopy, the samples were held 
in Karnovsky fixative for 24 hr at 4°C. After being washed three 
times with cacodylate buffer for 10 min, each sample was fixed 
for 3 hr in osmium tetroxide and washed four times with caco-
dylate buffer. After dehydration by an ascending series of etha-
nol concentrations, the samples were embedded in resin and cut 
into 70 nm thin sections using an ultramicrotome (Leica Reichert 
Ultracut S).

2.4 | Morphometric analysis

Quantitative morphometric analysis was performed using image 
analysis software NIS-Elements AR 3.2 (Nikon) linked to a cam-
era-holding microscope Axioskop HBO 50/AC (Carl Zeiss). The 
following morphometric parameters were measured within CAA 
cross-sections (n = 40) evenly distributed along the entire CCA 
length: luminal diameter (LD), thickness of the tunica interna (en-
dothelium, stratum subendotheliale and internal elastic lamina), 
tunica media (including the external elastic lamina), and tunica 
externa, proportion of elastic and collagenous fibres as well as 
number of smooth muscle cells within the tunica media. The pro-
portion of elastic and collagenous fibres and smooth muscle cells 
within the tunica media was analysed in one field of view (3.4 mm2) 
per CAA cross-section.

For qualitative morphological analysis of the stratum subendo-
theliale, transmission electron microscopy was performed using a 
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Zeiss EM 10 CR and the image analysis software AxioVision Rel. 4.8 
(Carl Zeiss AG).

2.5 | Statistical analysis

The one-way analysis of variance (ANOVA test) and independent-
samples or dependent-samples T-Test as well as bivariate correlation 
by Pearson of the software package IBM SPSS 22 (IBM Deutschland 
GmbH) were used for data analyses. p ≤ .05 was defined as the level 
of significance. In order to be able to determine a relation within 
and between the groups, the Spearman's correlation coefficient was 
used.

3  | RESULTS

The CCA has the typical histological structure found in large arter-
ies: a thin inner tunica interna surmounted by a wide tunica media 
that is in turn surmounted by a thin tunica externa.

3.1 | Tunica interna

In all pigs, the tunica interna consisted of an endothelium sur-
mounted by a stratum subendotheliale and an internal elastic lamina.

In the DL, an increase in the thickness of the subendothelial layer 
was noted over the timeframe of the experiment (DL-2: 1.0, DL-3: 
2.1 µm), but this increase was less pronounced than in the GM (GM-
18: 1.0 µm, GM-40: 7 µm).

In the older animals, that is GM-40 and DL-3, the internal elastic 
lamina formed a continuous layer (primary layer) circumscribing the 
CCA. However, in many sites, the internal elastic lamina was dupli-
cated in a discontinuous manner on the luminal side of the principal 
lamina (Figure 1).

In the GM from the 18th month to the 40th month, there was 
a 1.5-fold increase in bodyweight from 28.0 ± 3.0 kg (GM-18) to 
42.0 ± 1.7 kg (GM-40) but there was no significant thickening of 
the tunica interna that changed from 5.9 ± 1.2 µm at 18 months to 
5.0 ± 0.4 µm at 40 months.

In contrast, in the DL over the period between 2 and 3 months 
of age, there was a 3.8-fold increase in their bodyweight, from 
10.3 ± 2.6 kg (DL-2) to 39.0 ± 2.5 kg (DL-3). This was accompanied by 
a 1.5-fold thickening of the tunica interna from 3.9 ± 0.1 µm (DL-2) to 
5.8 ± 0.3 µm (DL-3, p < .001). Nevertheless, the tunica interna thick-
ness of the GM groups was comparable to that of the DL-3 group.

3.2 | Tunica media

The tunica media extends from the outer layer of the internal 
elastic lamina across a circumferentially arranged layer of smooth 
muscle cells, elastic fibres and collagen fibres to end at a promi-
nent external elastic lamina comprised of relatively coarse elastic 
fibres. The internal elastic lamina underlies the innermost part of 
the tunica media.

In the slow-growing GM over the period from 18 to 40 months of 
life, there was a 1.3-fold increase in the tunica media thickness from 
386.8 ± 42.9 µm (GM-18) to 510.0 ± 58.1 µm (GM-40). Similarly, in 
the faster-growing DL, there was an increase in the tunica media 
with increasing age. Here, at 2 months of age, the tunica media thick-
ness was 206.4 ± 32.6 µm and 1 month later it was 2.5-fold thicker 
(522.7 ± 105.7 µm).

The cumulated thickness of the tunica interna and the tunica 
media was comparable between DL-3 (528 ± 106 µm) and the 
GM-40 (515 ± 58.5 µm).

3.3 | Tunica externa

The tunica externa runs from the outermost layer of the external 
elastic lamina of the tunica media and was characterized by irregu-
lar but overall circumferentially arranged collagen fibres, some lon-
gitudinally oriented elastic fibres and miscellaneous cells including 
fibroblasts and macrophages (Figure 2). The components of the tu-
nica externa were tightly bunched in the near vicinity of the external 
elastic lamina but became less dense and loosely arranged further 
out.

The tunica externa thickness of the GM was 54.8 ± 6.4 µm 
(GM-18) and 62.7 ± 2.9 µm (GM-40), which is a 1.1-fold increase. 

F I G U R E  1   Tunica interna of the 
Arteria carotis communis of (a) a 
40-month-old Göttingen® minipig 
(GM-40) and (b) a 2-month-old German 
landrace pig (DL-2); (E) endothelial cells, 
(S) stratum subendotheliale, duplications 
and gaps (arrows) of the internal elastic 
lamina (M), (My) smooth muscle cells; 
transmission electron microscopy, 2,000×
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However, in the rapidly growing DL, there was a 1.8-fold increase 
between 2 months (DL-2: 67.0 ± 9.4 µm) and 3 months of age (DL-3: 
120.2 ± 19.9 µm, p < .001).

3.4 | Luminal diameter

In general, the CCA's LD was smaller in the two GM groups than 
in both DL groups and was found to be dependent on both animal 
growth rate (calculated growth rate: GM 0.6 kg/month, DL 28.7 kg/
month) and age. The CCA of GM-18 animals had a LD of 2.6 ± 0.3 mm 
and that of GM-40 animals was 2.1 ± 0.5 mm. This is a reduction of 
19% over 22 months and a calculated reduction rate of −0.02 mm per 
month.

In the DL animals over the month when measurements were 
taken, there was a LD reduction from 1.8 ± 0.3 mm (DL-2) to 

1.6 ± 0.5 mm (DL-3) that corresponds to a calculated reduction rate 
of −0.2 mm per month.

3.5 | Proportion of elastin, collagen and smooth 
muscle cells in the tunica media

In all pigs, smooth muscle cells were the main component of the tunica 
media. In the younger animals, 57% (GM-18) and 40% (DL-2) of the 
tunica media was composed of smooth muscle cells. Animal growth 
resulted in a marked (p < .05) increase in the proportion of the smooth 
muscle cells (r = .82). In the GM-40, about 66% of the tunica media con-
sisted of smooth muscle cells, and in the DL-3, about 55% (Figure 3).

In all DL and GM, the proportion of collagen fibres within the tu-
nica media was comparable within a range of 26%–33% (DL-2: ≈26%, 
DL-3: ≈31%, GM-18: ≈33%, GM-40: ≈29%, see Figure 4).

The elastic fibres were the smallest proportion in all GM and 
DL (DL-2: ≈32%, DL-3: ≈16%, GM-18: ≈12%, GM-40: ≈8%) with an 

F I G U R E  2   Wall structure of the A. 
carotis communis of Göttingen® minipigs 
with an age of 18 (a) and 40 (b) months; 
resorcin-fuchsin-thiazine-red-picric acid 
staining; transmitted light microscopy 
using phase-contrast mode

F I G U R E  3   Percentage of smooth muscle cells in the tunica 
media of the A. carotis communis depending on the bodyweight 
of German landrace pigs at an age of 2 (DL-2) and 3 months (DL-3), 
and of Göttingen® minipigs at an age of 18 (GM-18) and 40 (GM-40, 
n = 3) months

F I G U R E  4   Proportion of smooth muscle cells, collagenous and 
elastic fibres in the tunica media of the A. carotis communis in 
German landrace pigs at an age of 2 (DL-2, n = 6) and 3 months (DL-
3, n = 7), and in Göttingen® minipigs at an age of 18 (GM-18, n = 5) 
and 40 (GM-40, n = 3) months
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elastin proportion of the tunica media decreasing with increasing 
age (r = −.87) and also decreasing with an increasing proportion of 
smooth muscle cells (r = −.93).

4  | DISCUSSION

In the GM independent of age (18 and 40 months) and bodyweight 
(10–40 kg), the CAA showed morphological characteristics typical of 
muscular arteries with a large proportion of smooth muscle cells and 
collagenous fibres in the tunica media (Mayersbach, 1956). This was 
different in DL, in which the artery morphology changed as body-
weight and age increased. Here, only in the 3-month-old DL, did the 
CCA have a typical muscular artery type histological structure. In 
the DL-2 animals, which were 1 month younger, a transitional ar-
tery type, not clearly assignable to either the muscular or the elastic 
artery type, was seen. Just the elastic fibre proportion was signifi-
cantly higher and the proportion of smooth muscle cells was signifi-
cantly lower than in the DL-3 group. However, the subendothelial 
layer that would be expected to be more prominent in elastic artery 
types than in muscular artery types was smaller in DL-2 than in the 
DL-3.

A transition of the CCA morphology from an elastic to a muscular 
artery type within the time course of growth has been described in 
humans aged 18–72 years (Gussenhoven et al., 1989; Lockwood et 
al., 1992). This transition can be explained by the increasing distance 
between the pulsating heart and the head as young animals grow 
(Wolkoff, 1924). According to this theory, the CCA in GM has ma-
tured from an elastic artery precursor type into a muscular artery 
type before 18 months of age. This hypothesis is supported by the 
characteristic growth pattern of GM. In contrast to pig breeds devel-
oped for high muscle yield that have very low weight gains in their 
first 7 weeks of life and thereafter an increasing bodyweight gain 
following a s-shaped growth curve, GM have a nearly linear body-
weight increase over time from birth to day 160 of life and a decreas-
ing growth rate thereafter (Köhn, 2007).

The process of CCA maturation is also associated with an in-
crease in the vessel wall thickness during ageing as previously 
demonstrated in rats and humans (Jones & Ravid, 2004). This was 
caused mainly by thickening of the tunica media by a factor of 
1.3 in GM and 2.5 in DL. It is believed that this is due to an in-
crease in smooth muscle cell mass caused by the hypertrophy of 
pre-existing cells concomitantly with age-related polyploidization 
(Jones & Ravid, 2004). In vitro and in vivo studies suggest that 
polyploidy may be associated with cellular senescence (Wagner 
et al., 2001; Yang et al., 2007). The frequency of smooth muscle 
cell polyploidy varies with age from <1% at birth to a mean of 7% 
in adult carotid vessels (Barrett, Sampson, Owens, Schwartz, & 
Benditt, 1983).

In the older animals, DL-3 and GM-40, the intima-media thick-
nesses (IMT) were 0.4 and 0.6 mm, respectively. These are equiv-
alent to that of humans, where the IMT of children is reported to 
be 0.4 mm (Tamura, Suzue, Jitsunari, & Hirao, 2011) and that of 

young and healthy adults is 0.58 mm (Juonala et al., 2004). It is sug-
gested that the processes underlying the structural changes of an 
increased IMT involve inter alia, growth and migration of vascular 
smooth muscle cells within the tunica media (Harvey, Montezano, 
& Touyz, 2015). One theory considers that, with ageing, small mus-
cle cells “lose” their normal ability to suppress their own replica-
tion resulting in enhanced proliferation (Martin & Sprague, 1973; 
Stemerman et al., 1982). Owens (1989) reported that smooth mus-
cle cells are capable of two distinct growth responses, depending 
on the growth stimulus, that either regulate normal and develop-
mental or pathologically accelerated growth of vascular smooth 
muscle cells. The nature of the stimulus determines whether the 
smooth muscle cells will undergo a hypertrophic or a proliferative 
growth response.

Over the timeframe of the experimental animals in this study, 
the CCA wall thickening resulted in a decrease in the LD of 19% in 
the GM and 11% in the DL pigs. Here, the LD of GM and DL animals 
ranged from 1.6–2.6 mm, which is about 6-fold narrower than in hu-
mans (Krejza et al., 2006).

The intermittent duplication of the internal elastic lamina in 
the older GM and DL animals is not restricted to pigs, but has also 
been described in rats (Pinto, Pinto, Paul, & Merker, 1998) where 
the CCA is an elastic artery. Pinto et al. (1998) investigated adult 
Sprague Dawley rats and found 3–4 elastic layers running paral-
lel to the internal elastic lamina. Each of these elastic layers had a 
thickness of about 1 µm and was not interrupted by gaps. In con-
trast, the course of the aortic membrana elastica interna was often 
interrupted by gaps in neonatal rats and occasionally in 60-day-old 
animals (Kobayashi & Sakai, 1997). The occurrence of gaps in the 
internal elastic membrane of the CCA in healthy adult rats sug-
gests that these interruptions are physiological (Pinto et al., 1998). 
Comparable gaps were seen in the internal elastic lamina of the older 
GM (GM-40) and DL (DL-3). These gaps in the internal elastic lamina 
have also been reported to be present in rabbits (Potter & Roach, 
1983) and dogs (Song & Roach, 1984). It is assumed that under 
pathological conditions the gaps allow cell migration from the tunica 
media into the tunica interna unless these cells migrate transendo-
thelially or originate from the endothelium (Armstrong & Heistad, 
1990; Casscells, 1992; Gerrity, 1981; Hassler, 1970; Kobayashi & 
Sakai, 1997; Ross, 1993). Although some smooth muscle cells reside 
in the tunica interna of normal arteries the majority reside in the tu-
nica media, where they are quiescent under physiological conditions. 
A consistent finding in many if not all vascular disease states is the 
extramedial presence of smooth muscle cells due to their migration 
from the tunica media to the tunica interna. Unlike smooth muscle 
cells that reside in the media, the ones that migrate to the interna 
initially exhibit a “synthetic” phenotype with a subcellular organiza-
tion designed to support rapid cell growth and proliferation (Pauly 
et al., 1994).
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