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Abstract
Background  The endocannabinoid system (ECS) is highly integrated with seemingly all physiological and 
pathophysiological processes in the body. There is increasing interest in utilizing bioactive plant compounds, for 
promoting health and improving production in livestock. Given the established interaction between phytochemicals 
and the ECS, there are many opportunities for identification and development of therapies to address a range 
of diseases and disorders. However, the ECS has not been thoroughly characterized in cattle, especially in the 
gastrointestinal tract. The objective of this study was to characterize the distribution and transcriptional abundance of 
genes associated with the endocannabinoid system in bovine tissues.

Methods  Tissues including brain, spleen, thyroid, lung, liver, kidney, mesenteric vein, tongue, sublingual mucosa, 
rumen, omasum, duodenum, jejunum, ileum and colon were collected from 10-mo old Holstein steers (n = 6). Total 
RNA was extracted and gene expression was measured using absolute quantification real time qPCR. Gene expression 
of endocannabinoid receptors CNR1 and CNR2, synthesis enzymes DAGLA, DAGLB and NAPEPLD, degradation enzymes 
MGLL and FAAH, and transient receptor potential vanilloids TRPV3 and TRPV6 was measured. Data were analyzed in R 
using a Kruskal-Wallis followed by a Wilcoxon rank-sum test. Results are reported as the median copy number/20 ng 
of equivalent cDNA (CN) with interquartile range (IQR).

Results  The greatest expression of CNR1 and CNR2 was in the brain and spleen, respectively. Expression of either 
receptor was not detected in any gastrointestinal tissues, however there was a tendency (P = 0.095) for CNR2 to 
be expressed above background in rumen. Expression of endocannabinoid synthesis and degradation enzymes 
varied greatly across tissues. Brain tissue had the greatest DAGLA expression at 641 CN (IQR 52; P ≤ 0.05). DAGLB was 
detected in all tissues, with brain and spleen having the greatest expression (P ≤ 0.05). Expression of NAPEPLD in 
the gastrointestinal tract was lowest in tongue and sublingual mucosal. There was no difference in expression of 
NAPEPLD between hindgut tissues, however these tissues collectively had 592% greater expression than rumen and 
omasum (P ≤ 0.05). While MGLL was found to be expressed in all tissues, expression of FAAH was only above the limit 
of detection in brain, liver, kidney, jejunum and ileum. TRPV3 was expressed above background in tongue, rumen, 
omasum and colon. Although not different from each other, thyroid and duodenum had the greatest expression of 
TRPV6, with 285 (IQR 164) and 563 (IQR 467) CN compared to all other tissues (P < 0.05).
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Introduction
The endocannabinoid system (ECS) is a complex cell-
signaling mechanism active in all vertebrate species. The 
ECS utilizes lipid mediated signaling through the actions 
of several endogenous cannabinoid molecules includ-
ing N-arachidonoylethanolamine (AEA) and 2-Arachi-
donoylglycerol (2-AG), which act on two canonical, G 
protein-coupled receptors, cannabinoid receptor 1 (CB1) 
and cannabinoid receptor 2 (CB2), which are encoded 
by the CNR1 and CNR2 genes, respectively. Additional 
components of the ECS include a number of enzymes 
responsible for cellular synthesis and degradation (Fig. 1) 
of endocannabinoids [1]. Since the initial discovery of 
the CB1 receptor in tissue of the central nervous system 
[2], the various components of the ECS have been identi-
fied, at various levels of expression and localization, in a 
wide variety of human and rodent tissues [3]. The ECS is 
highly interconnected with other systems, playing a role 
in seemingly most physiological and pathophysiological 
processes [4].

Initially research in this area was heavily focused on 
elucidating the psychotropic effects of phytocannabi-
noids, and in particular delta-9-tetrahydrocannabinol 
(THC) derived from Cannabis sativa. However, more 
recent work has identified many plant-derived bioactive 
compounds capable of interacting with the ECS and pro-
ducing potentially beneficial effects [4]. For example, both 
THC and cannabidiol (CBD) have been associated with 
reduced intestinal inflammation and motility in a model 
of colitis in rats [5]. Compounds such as yangonine, 
found in kava (Piper methysticum), have been shown to 
interact with both CB1 and CB2 [6]. β-caryophyllene 
(BCP), found in essential oils from a variety of plants 
including cloves and hops [7], is a full CB2 agonist and 
has shown promise as a potential therapy for multiple 
diseases including colitis [8] and diabetes [9]. In addition, 
other components of the ECS, such as the degradation 
enzyme fatty acid amide hydrolase (FAAH), or various 
transient receptor potential (TRP) channels continue to 
be investigated for their potential role in pain and inflam-
mation [10, 11].

The wide distribution throughout the tissues in the 
body observed in humans and rodents, and the pleiotro-
pic nature of the ECS suggest potential for modulation 
of multiple physiological systems. Given the well-estab-
lished interaction between the ECS system and a range 
of plant-derived bioactive compounds, there are ample 
opportunities for development of therapies to address 

a range of diseases and disorders [4]. However, work to 
date has predominantly been in human tissues or cells, or 
in model species with an emphasis on rodents [3]. In con-
trast, relatively few studies have investigated the distribu-
tion and functionality of the ECS in ruminants, despite 
several recent studies demonstrating the potential utility 
of phytocannabinoids in dairy cows. Of particular inter-
est are data suggesting regulatory effects of the ECS on 
lipid metabolism [12, 13] and dry matter intake regula-
tion [14, 15]. Identifying novel physiological mechanisms 
that directly impact production and health is impera-
tive for improving efficiency and sustainability of food 
animals.

There is a particular void, however, of information 
on the ECS and the gastrointestinal tract in ruminants, 
where there may be many opportunities for use of bio-
active compounds in order to improve health, intake or 
metabolism, or as alternatives to antibiotics [16]. More-
over, while the components of the ECS have been well 
characterized in rodents and humans, evidence suggests 
that the level of expression and the specific localiza-
tion varies substantially with species [3]. Therefore, the 
primary objective of this study was to characterize the 
expression of key genes associated with the steady state 
ECS in an extensive distribution of bovine gastrointesti-
nal and internal tissues. It was expected that components 
of the ECS would be expressed in the small intestinal 
and internal organ tissues at various levels, however the 
expression in foregut and oral tissues remains to be elu-
cidated. A wide range of tissues were selected in order 
to provide a comprehensive characterization. The over-
all aim of this study was to provide a starting point for 
exploring novel targets for the bovine ECS.

Materials and methods
Animals and tissue collection
All procedures that required the use of animals were 
approved prior to initiation of work by the University of 
Kentucky Animal Care and Use Committee (2020–3479). 
Holstein steers (n = 6) were fed a common, alfalfa-based 
diet [17] at the University of Kentucky Beef Unit and 
slaughtered between 10 and 12 months of age at approxi-
mately 250 kg body weight. Steers were stunned by pen-
etrating captive bolt and subsequently exsanguinated in 
the University of Kentucky Meats Laboratory. All tissues 
for the present experiment were collected post-slaughter 
within 30  min of death. A total of 15 tissues collected 
for evaluation of gene expression included brain (BRN), 

Conclusions  These data demonstrate the complex distribution and variation of the ECS in bovine tissues. Expression 
patterns suggest that regulatory functions of this system are tissue dependent, providing initial insight into potential 
target tissues for manipulation of the ECS.
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tongue (TNG), sublingual mucosa (SLM), rumen (RUM), 
omasum (OMA), duodenum (DUO), mid-jejunum (MJE), 
ileum (ILE), colon (COL), thyroid (THY), lung (LNG), 
liver (LVR), kidney (KID), spleen (SPN) and mesenteric 
vein (MVN). Each tissue was collected from a consistent 
anatomical location. Sample of the BRN were obtained by 
removal of the frontal bone and frontal lobe with a saw 
and the anterior lobe of the cerebellum was subsequently 
excised. Epithelium of the TNG was collected from the 
right-lateral side, mid-body, and stripped of underlying 
muscle tissues. The SLM was taken from the floor of the 
mouth, avoiding ducts and glandular tissue. Samples of 
the rumen consisted of papillae (~ 20) from craniodor-
sal sac were clipped at the base and rinsed in PBS. The 
OMA mucosa was collected from a central region of the 
laminae was rinsed in PBS to remove digesta. Whole 
segments of the DUO, MJE (~ 1 cm2) were collected 
approximately 1 and 10 m caudal to the pyloric sphinc-
ter respectively. Similar segment of the ILE and COL 
were taken approximately 9  m cranial and 1  m caudal 
to the ileocecal junction, respectively. THY was isolated 
from the dorsal surface of the trachea immediately cau-
dal to the larynx, the associated fat and connective tis-
sues were removed and a subsample isolated from the 
left lobe. Sample of the LNG and LVR were taken from 
the apical tip of the right and left lobes of the respective 
organs. A combined sample of renal cortex and medulla 
were isolated from either left of right KID. Samples of the 
SPN including the capsule and red/white pulp were taken 
from the tip of ventral end. Finally, a ~ 1 cm in length of 
the MVN was isolated from the collateral branch proxi-
mal to the ileal fold, as previously described [18]. Tis-
sues were immediately snap frozen in liquid nitrogen and 

subsequently stored at -80. Additional replicate samples 
from the gastrointestinal tract were fixed in 10% neutral 
buffered formalin for 48-h prior to processing and paraf-
fin embedding.

Gene expression analysis
Frozen tissue samples were ground with a mortar and 
pestle under liquid nitrogen. Approximately 100  mg 
of ground tissue was used to extract total RNA with a 
phenol-chloroform isolation procedure [19] with double 
isopropanol precipitations. The total RNA was quanti-
fied with a spectrophotometer (Nanodrop One; Thermo 
Fisher Scientific, Waltham, MA, USA), and samples were 
treated with DNase (Turbo DNase kit; Thermo). RNA 
integrity was determined using a bioanalyzer (2100; 
Agilent, Santa Clara, CA, USA) and all samples were 
confirmed to have RNA integrity numbers (RIN) of at 
least 7. Two micrograms of total RNA from each sample 
was reverse transcribed (High Capacity cDNA Reverse 
Transcription Kit; Thermo) and subsequently diluted 
to a final concentration of 10 ng/µl cDNA assuming 
100% conversion. Primer sequences for genes of interest 
(Table 1) were designed using the current RefSeq mRNA 
sequences and spanned exon-exon junctions as identi-
fied using the BLAST-like Alignment Tool (BLAT), rela-
tive to the Bos taurus assembly ARS-UCD2.0. Melt curve 
analysis was used to verify production of a single ampli-
con and efficiencies between 90 and 105% established 
using a serial dilution of pooled cDNA. The target ampli-
con product was produced using each validated primer 
pair in cDNA from tissues with established expression, 
and the resulting product inserted into the pCR4 vector 
(TOPO TA Cloning Kit; Thermo). Circularized vector 

Fig. 1  Simplified, canonical biosynthesis and degradation pathways for endocannabinoids N-arachidonoylethanolamine (AEA) and 2-arachidonoylglyc-
erol (2-AG), derived from the membrane phospholipid precursors phosphatidylethanolamine and phosphatidylinositol, respectively. Alternative synthesis 
pathways are not shown
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was then chemically transfected into TOP10 Escherichia 
coli, and colony selection carried out on Kanamycin 
selection plates. Selected colonies were expanded in LB 
broth, plasmids purified (GeneJet Plasmid Miniprep Kit, 
manufacturer info) and insertion verified by qPCR and 
restriction digest. Linearized plasmid was used to gener-
ate a 6-point standard curve from 107 to 102 copies/µl, as 
previously described by Ison et al. [19]. Efficiency of the 
standard curves were again verified between 90 and 105% 
and subsequently used for absolute quantification qPCR 
of gene expression, in order to compare expression across 
tissues. All qPCR was performed in duplicate with 20 ng 
cDNA, with Fast SYBR Green Master Mix (Thermo) in a 
real-time PCR system (StepOnePlus; Thermo).

Immunohistofluorescence
Targets for immunohistofluorescence, CB2 and DAGLB, 
were selected post hoc. Samples of TNG, RUM, DUO, 
ILE and COL fixed in neutral buffered formalin (10% 
formaldehyde in phosphate buffer, Sigma-Aldrich, St. 
Louis, MO, USA) were processed, embedded and sec-
tioned at the Pathology Research Core at the Univer-
sity of Kentucky. Four-micron sections were mounted 
onto glass slides, baked for 20 min at 60ºC and deparaf-
finized in xylene, followed by rehydration in decreasing 
concentrations of ethanol. Samples were subject to heat-
induced antigen retrieval for 30  min at 90ºC with Tris-
EDTA buffer (10 mM Tris, 1 mM EDTA, 0.05% Tween20, 
pH 9.0) for TNG, DUO, ILE and COL or citrate buffer 

(10 mM citric acid, 2 mM EDTA, 0.05% Tween 20, pH 
6.2) for RUM. Following antigen retrieval, sections were 
blocked with 100% FBS for 2  h. Primary antibodies 
including rabbit anti-CB2 (Final concentration 0.01 mg/
mL; Novus Biologicals, LLC, Littleton, CO, USA) and 
rabbit anti-DAGLB (Final concentration 0.005  mg/
mL; Abcam, Cambridge, UK) were diluted with incuba-
tion buffer (1% BSA 1% horse serum and 0.01% sodium 
azide in PBS). Sections were incubated with primary 
antibody or isotype control (ChromPur Rabbit IgG, Jack-
son ImmunoResearch Inc, West Grove, PA, USA) over-
night at 4ºC. Slides were subsequently washed 3 times 
in PBS with Tween (0.05% Tween20, pH 7.4; PBS-T) 
and incubated with secondary antibody (Anti-Rabbit 
AlexaFluor488, Abcam), diluted to a final concentration 
of 0.004 mg/mL 1:500 with incubation buffer, for 2 h at 
room temperature. Slides were again washed 3 times and 
then counterstained with 4′,6-diamidino-2-phenylindole 
(DAPI), diluted to 300 nM in PBS. After washing once 
more, slides were coverslipped with Mowiol mounting 
medium (made in-house, all ingredients sourced from 
Sigma) and imaged using an Axiovert 200 fluorescent 
microscope (Zeiss, Oberkochen, Germany). Non-specific 
staining was evaluated in all tissues using a rabbit isotype 
control, and minimal interaction with nonspecific rabbit 
antibodies was observed (Additional File 1). All staining 
procedures and imaging were conducted under the same 
conditions as the target primary antibodies.

Table 1  Gene-specific primer sequences
Gene Name (official symbol) Gene ID Target RefSeq1 Sequence (5’ – 3’)2 Annealing 

Temperature 
(ºC)

Am-
plicon 
Length 
(bp)

Cannabinoid receptor 1 (CNR1) 100,299,449 NM_001242341.2 F: ​A​G​G​T​T​C​G​G​G​C​T​A​A​G​G​A​A​G​A​G
R: ​G​C​A​C​C​A​C​T​G​A​G​G​A​T​G​A​A​G​T​G

64 114

Cannabinoid receptor 2 (CNR2) 539,769 NM_001192303.1 F: ​A​T​G​A​G​G​G​A​C​C​T​G​G​A​G​G​A​G​A​T
R: ​A​A​C​A​G​G​A​A​G​A​A​G​G​G​C​T​G​T​C​C

62 93

NAPE3-phospholipase D (NAPEPLD) 541,291 NM_001015680.1 F: ​G​A​T​C​A​C​A​G​C​A​G​C​G​T​T​C​C​A​T
R: ​T​C​C​A​G​C​T​T​C​T​T​C​A​G​G​G​T​C​A​T

60 90

diacylglycerol lipase alpha (DAGLA) 523,665 NM_001192583.3 F: ​A​G​G​A​G​G​A​G​C​C​C​A​C​G​T​A​C​T​T​C
R: ​T​T​C​T​C​C​A​G​C​A​C​C​T​T​G​T​T​G​A​G

60 130

diacylglycerol lipase beta (DAGLB) 538,021 NM_001083487.1 F: ​A​G​C​T​A​C​C​T​G​A​T​C​G​T​G​C​T​C​C​T
R: ​A​C​A​G​A​T​G​G​T​C​C​C​T​T​T​C​A​T​G​C

60 90

Fatty acid amide hydrolase (FAAH) 540,007 NM_001099102.2 F: ​G​G​A​G​G​G​T​G​A​C​T​G​T​G​T​G​G​T​G
R: ​C​A​A​A​G​C​T​G​A​A​C​A​T​G​G​A​C​T​G​G

60 92

Monoglyceride lipase (MGLL) 505,290 NM_001206681.1 F: ​C​G​A​G​G​A​A​T​A​A​G​A​C​G​G​A​G​G​T​G
R: ​G​A​A​G​G​G​C​A​G​T​G​T​C​A​G​C​T​T​G

67 140

Transient receptor potential vanilloid 
3 (TRPV3)

523,538 NM_001099024.1 F: ​G​A​C​G​T​G​C​C​T​G​A​C​T​T​C​C​T​C​A​T
R: ​C​T​T​G​G​T​G​T​T​G​G​G​G​T​T​G​A​T​G​T

60 96

Transient receptor potential vanilloid 
6 (TRPV6)

614,878 NM_001206189.1 F: ​G​G​C​A​A​C​A​C​T​G​T​G​A​T​G​T​T​C​C​A
R: ​G​A​G​G​A​G​T​C​G​A​T​T​T​C​C​G​T​G​A​G

60 107

1National Center for Biotechnology Information (NCBI)
2F = forward; R = reverse
3NAPE = N-acyl phosphatidylethanolamine
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Statistical analysis
Statistical analysis was performed using R v4.3.2 [20]. 
Data were analyzed using a Kruskal-Wallis followed by 
a Wilcoxon rank-sum test and Benjamini-Hochberg 
used for multiple comparisons. Gene expression data 
were normalized and presented as median transcript 
copy number (CN) per 20 ng of equivalent cDNA [21], 
with interquartile range (IQR). A threshold of 10 CN/20 
ng cDNA was used as the cutoff for the level of detec-
tion. Data visualization was carried out using the ggplot2 
package [22]. Differences were considered significant at 
P < 0.05.

Results
The greatest expression of CNR1 (Fig. 2A) was observed 
in the BRN, followed by the THY, at 4106 (IQR 299) and 
144 (IQR 81.5) CN/20 ng cDNA, respectively (P = 0.035). 
CNR1 expression above 10 CN/20 ng cDNA in KID was 
detected in 3 of the samples, however median expres-
sion was not significantly different than background. 
Expression of CNR1 was not detectable in the other 12 
tissues. Expression of CNR2 (Fig. 2B) was only detectable 
above background in SPN at 72 CN/20 ng cDNA (IQR 
11.1; P = 0.043). Median expression in LVR tended to be 
above background (P = 0.104). There was also a tendency 
(P = 0.095) for CNR2 to be expressed above background 
in RUM. Localization of CB2 in RUM was detected as 
cytosolic staining in the epithelial cells, especially in the 

stratum basale, spinosum and granulosum (Fig. 2C). CB2 
was largely absent from the stratum corneum.

Expression of the endocannabinoid synthesis enzymes, 
NAPEPLD (Fig.  3A), DAGLA (Fig.  3B) and DAGLB 
(Fig.  3C), varied greatly across tissues. Expression of 
NAPEPLD was detectable above background in all 15 tis-
sue types examined. With the exception of the DUO and 
ILE, the BRN had the greatest expression of NAPEPLD 
compared to other tissues (P < 0.05) at 880 CN/20 ng 
cDNA (IQR 248). Within the gastrointestinal tract, the 
tissues of the small intestine (DUO, MJE and ILE) and 
COL had greater expression (collectively greater than 300 
CN) of NAPEPLD compared with tissues of the foregut 
and the mouth. Expression was greater in OMA com-
pared to RUM (CN 119, IQR 37.9 vs. CN 60.7, IQR 18.4; 
P = 0.028). Both TNG and SLM had the lowest expression 
compared to all other GIT tissues (CN 43, IQR 14.7 and 
CN 38, IQR 8.8), however they were not different from 
each other. The greatest expression of DAGLA was in the 
BRN at 641 CN/20 ng cDNA (IQR 52; P < 0.05) followed 
by THY (CN 49.5, IQR 24.6) and SPN (CN 30.3, IQR 
15.5), which were not different from each other (Fig. 2B). 
Although expression was detected above background 
in two samples of KID, median CN of DAGLA was not 
above background. Within the gastrointestinal tract, 
expression of DAGLA in COL was greater compared to 
MJE (P < 0.05), and there was a tendency for COL to have 
greater expression than OMA (P = 0.073). COL and ILE 
did not significantly differ. Median expression of DAGLA 

Fig. 2  Gene expression of cannabinoid receptors CNR1 (A), CNR2 (B) in internal organ and gastrointestinal tissues (GIT), and localization of CB2 (green) 
in ruminal papillae, counterstained with DAPI (C). Data are presented as median transcript copy number (CN) per 20 ng of equivalent cDNA. Abbre-
viations BRN = brain, SPN = spleen, THY = thyroid, LNG = lung, LVR = liver, KID = kidney, MVN = mesenteric vein, TNG = tongue, SLM = sublingual mucosa, 
RUM = rumen, OMA = omasum, DUO = duodenum, MJE = mid-jejunum, ILE = ileum, COL = colon. Unique letters between tissues indicate significance 
(P < 0.05)
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in TNG, SLM, RUM and DUO did not differ from back-
ground. All tissues were found to express DAGLB above 
background, with the greatest expression in BRN and 
SPN (P < 0.05), which were not different from each other. 
Except for LNG, MVN and ILE, expression of DAGLB 
in SPN was greater than other tissues (P < 0.05). Within 
the gastrointestinal tract, expression of DAGLB was least 
in SLM at 36.4 CN (IQR 1.9) compared to RUM (CN 

74.1, IQR 13.9; P = 0.047) and MJE (CN 57.6, IQR 18.2; 
P = 0.047).

The circumvallate papillae of the tongue showed posi-
tive, cytoplasmic staining for DAGLB (Fig.  4A). Stain-
ing of DAGLB in the RUM was localized to the plasma 
membrane (Fig. 4B). In both the duodenum (Fig. 4C) and 
ileum (Fig. 4D and E), there was strong positive staining 
for DAGLB in goblet cells, but staining was not observed 
within the enterocytes. In colon, DAGLB appeared to be 

Fig. 3  Gene expression of endocannabinoid synthesis enzymes NAPEPLD (A), DAGLA (B) and DAGLB (C) in internal organ and gastrointestinal tissues 
(GIT). Data are presented as median transcript copy number (CN) per 20 ng of equivalent cDNA. Abbreviations BRN = brain, SPN = spleen, THY = thyroid, 
LNG = lung, LVR = liver, KID = kidney, MVN = mesenteric vein, TNG = tongue, SLM = sublingual mucosa, RUM = rumen, OMA = omasum, DUO = duodenum, 
MJE = mid-jejunum, ILE = ileum, COL = colon. Unique letters between tissues indicate significance (P < 0.05)
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localized to either goblet cells or enterocytes, and was 
dependent on animal (Fig. 4F).

Expression of degradation enzymes FAAH (Fig.  5A) 
and MGLL (Fig.  5B) also varied considerably across tis-
sues. Expression of FAAH was detected above back-
ground in six of the tissues assessed, including BRN, 
THY, LVR, KID, MJE and ILE. Expression of FAAH 
in KID was greater at 28.3 CN (IQR 5.61) compared to 
BRN (CN 20.3, IQR 2.85; P = 0.032) and THY (CN 11.9, 
IQR 8.15; P = 0.032). Expression of MGLL was detectable 
above background in all tissues. Within internal organs, 
expression was greatest in BRN at 1798 CN (IQR 160). 
Expression of MGLL in SPN was greater compared to 
THY (CN 194, IQR 89.4 vs. CN 37.5, IQR 32.4; P = 0.027). 
Although not different from SPN, expression in LVR was 

greater compared to THY (CN 515, IQR 333 vs. CN 37.5, 
IQR 32.4; P = 0.027), and was also greater than MVN (CN 
214, IQR 118; P = 0.044). Within gastrointestinal tissues, 
expression of MGLL was greatest in OMA, at 87.5 CN 
(IQR 37), compared to SLM, RUM, DUO, MJE and COL 
(P < 0.05). Expression did not differ between OMA and 
TNG or ILE. Expression of MGLL in ILE was greatest, at 
61.3 CN (IQR 4.0), compared to SLM, RUM, DUO and 
MJE (P < 0.05).

Transient receptor potential vanilloids TRPV3 (Fig. 6A) 
and TRPV6 (Fig.  6B) were only detectable in 4/15 and 
5/15 tissues respectively. Expression of TRPV3 was not 
detected in any internal organ tissue, and was only found 
to be expressed in TNG, RUM, OMA and COL. Expres-
sion of TRPV3 was greatest in RUM at 198 CN (IQR 13.3) 

Fig. 4  Localization of DAGLB (green) in circumvallate papillae of the tongue (A), ruminal papillae (B), epithelium of duodenum (C), ileum at 10X (D) and 
ileum at 40X (E), and in colon epithelium (F). Nuclei are counterstained with DAPI (blue)
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and least in COL at 20 CN (IQR 27; P < 0.05). Expres-
sion of TRPV6 was only detected above background in 
THY, KID, MVN and DUO. Expression was greatest in 
THY and DUO (CN 284, IQR 164 and CN 563, IQR 467, 
respectively; P < 0.05), but were not different from each 
other. Compared to THY, expression of TRPV6 was less 
in KID and MVN (CN 20, IQR 22.8 and CN 24.6, IQR 
37.4, respectively; P < 0.05), but were not significantly dif-
ferent from one another.

Discussion
While a relatively new system in terms of research, espe-
cially in animals [3], increasing evidence suggests a mul-
titude of opportunities for unlocking new therapies for 
diseases and disorders through manipulation of the ECS. 
Although the ECS is widely thought to be ubiquitously 
expressed throughout the body [23], it is increasingly rec-
ognized that distribution and physiological roles are cell 
or tissue-specific [23, 24]. Moreover, crucial differences 
in the ECS between species have been identified [3]. 
Therefore, a key step in furthering the knowledge base 
is an understanding of the steady state transcriptional 

Fig. 5  Gene expression of endocannabinoid degradation enzymes FAAH (A) and MGLL (B) in internal organ and gastrointestinal tissues (GIT). Data are 
presented as median transcript copy number (CN) per 20 ng of equivalent cDNA. Abbreviations BRN = brain, SPN = spleen, THY = thyroid, LNG = lung, 
LVR = liver, KID = kidney, MVN = mesenteric vein, TNG = tongue, SLM = sublingual mucosa, RUM = rumen, OMA = omasum, DUO = duodenum, MJE = mid-
jejunum, ILE = ileum, COL = colon. Unique letters between tissues indicate significance (P < 0.05)
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abundance. The present study focused on elucidating the 
constitutive expression of the bovine ECS across a total 
of fifteen tissues, several of which (e.g. TNG, SLM, RUM, 
OMA), have not been investigated previously.

The two main receptors of the ECS, CB1 and CB2, 
are most commonly reported to be found in the BRN 
and various lymphoid tissues, respectively [25, 26]. The 
CB1 receptor has been detected throughout the differ-
ent regions of the central nervous system in all mam-
mals and most non-mammalian species [3, 27] and, in 
fact, is the most abundantly expressed receptor in the 
BRN [25]. Unsurprisingly, the CNR1 gene was found 

to be highly expressed in the bovine cerebellum tissue 
examined as part of the current study. These results are 
consistent with findings from humans and rodents show-
ing substantial expression of this receptor in cerebellum 
as well as neocortex and hippocampus [28, 29]. Interac-
tions between CB1 receptors in the cerebellum and THC 
have been linked to altered cerebellar functions, such as 
cognition and motor control [30]. The expression levels 
in the present study suggest that phytocannabinoids may 
similarly alter the cerebellar functions in cattle. Indeed, 
Wagner et al. [31] demonstrated that dairy cows fed 

Fig. 6  Gene expression of transient receptor potential vanilloids TRPV3 (A) and TRPV6 (B) in internal organ and gastrointestinal tissues (GIT). Data are 
presented as median transcript copy number (CN) per 20 ng of equivalent cDNA. Abbreviations BRN = brain, SPN = spleen, THY = thyroid, LNG = lung, 
LVR = liver, KID = kidney, MVN = mesenteric vein, TNG = tongue, SLM = sublingual mucosa, RUM = rumen, OMA = omasum, DUO = duodenum, MJE = mid-
jejunum, ILE = ileum, COL = colon. Unique letters between tissues indicate significance (P < 0.05)
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silage made with Cannabis sativa had significant motor 
impairment.

Outside the central nervous system, expression of the 
CB1 receptor has been found on numerous non-neuro-
nal tissues [23]. In the current study, expression of CNR1 
was notable in the thyroid. Although there is a paucity 
of information about the role of the ECS in the thyroid 
gland, CB1 expression was found to be greater in patients 
with malignant compared to benign thyroid tumors [32]. 
In adult rats, not only was CNR1 mRNA found expressed 
in the thyroid, but serum T3 and T4 levels were reduced 
when a CB1 agonist was administered [33]. Moreover, 
it has been reported that thyroid hormone levels can be 
influenced by the use of cannabis [34]. A growing body of 
evidence suggests allostatic modulation of the hypotha-
lamic pituitary thyroid axis, termed non-thyroidal illness 
syndrome (NTIS) occurs in response to pathogenic infec-
tions in both humans and animals [35–37]. The ECS is 
known to be activated during an inflammatory response, 
and thus further investigation into the role of endocan-
nabinoids in regulating thyroid activity during NTIS is 
warranted.

In the present study, expression of CNR2 was most 
abundant in the SPN, which is consistent with previous 
work showing that this receptor is predominantly found 
in lymphoid tissues [26]. In fact, CNR2 was originally 
identified in the rat SPN where it localized to the mar-
ginal zones around the periarteriolar lymphoid sheaths, 
with expression confirmed in isolated splenic macro-
phages [38]. Expression on CNR2 has subsequently been 
demonstrated in both splenic and bone marrow B-cells, 
where is appears to play a role in retention [39, 40]. 
Steady state expression of both CNR1 and CNR2 in liver 
has generally been found to be low or below the level of 
detection in other species [33, 41], which was also the 
case in the bovine liver in the current study.

An interesting and novel finding in the present study 
was the detection of CNR2 expression in the bovine 
ruminal papillae. This receptor has been found in vari-
ous regions of the gastrointestinal tract in rats [42] and 
guinea pigs [43]. Its expression has been associated with 
mucosal inflammation and it has therefore been a tar-
get for developing therapies for gastrointestinal disease 
such as inflammatory bowel diseases [44, 45]. The role of 
CNR2 in the ruminal papillae is not entirely clear. How-
ever, further analysis of CB2 protein expression using 
immunohistofluorescence staining revealed localization 
specifically in the ruminal epithelial cells. We have previ-
ously shown that the ruminal epithelium produces a local 
immune response following subacute ruminal acidosis, 
which is induced in ruminants following rapid dietary 
transitions [46]. More critically we have demonstrated 
that this immune response within the ruminal epithelial 
cells can be modulated by cannabidiol [47]. While CBD 

is not generally considered to be a ligand for CB2 in mice 
or humans, splicing of this gene appears to be species 
specific [48], and may influence receptor affinity. In addi-
tion, CBD has been shown to upregulate expression of 
CB2 [49], which may increase sensitivity to the immune 
suppressive effects of this receptor in response to other 
ligands. Beyond the immune system, other studies have 
shown a clear links between the ECS and metabolic regu-
lation [50], although most implicate CB1 [51]. Studies 
have additionally provided evidence for a role of the CB2 
receptor in nutrient absorption and metabolism [52]. 
For example, BCP, a full CB2 agonist, was found to have 
inhibitory activity on a-glucosidase, suggesting an ability 
to influence carbohydrate absorption in the small intes-
tine [53]. Given the critical function of nutrient absorp-
tion and metabolism by the ruminal epithelium, fully 
elucidating the roles of CB2 in this unique tissue would 
provide insight into the potential utility and benefits of 
the ECS in the ruminant gastrointestinal tract.

An examination of the remaining bovine gastrointesti-
nal tissues showed a near complete absence of the target 
receptors above baseline. These results initially appear to 
be counter the literature, which has demonstrated both 
CB1 and CB2 activity throughout the gastrointestinal 
tract in multiple species [44, 45]. However, much of the 
focus has been on evaluating the ECS during perturba-
tions, such as gastrointestinal inflammation [44]. As is 
the case with many regulatory receptors, it is likely that 
the CNR1 and CNR2 gene expression are dependent on 
activation [54]. A limitation of the current study was 
there was no treatment included that might have induced 
a response by the ECS; the results of the current study 
are reflective of baseline levels in objectively healthy and 
physiologically stable steers. As such, further investiga-
tion into the gastrointestinal expression of these recep-
tors following various physiological or pathological 
stressors is required.

Endocannabinoid levels are determined by a complex 
coordination of the synthesis and degradation enzymes 
[55, 56]. Synthesis and release occurs on demand in 
response to various stimuli, such as an increase in post-
synaptic intracellular calcium [55] or activation of M1 
and M3 receptors [57]. In the present study, transcript 
abundance for genes associated with endocannabinoid 
synthesis, NAPEPLD, responsible for AEA synthesis, 
and DAGLA and DAGLB, for 2-AG synthesis, was highly 
variable, both between the different tissues and animals. 
High levels of expression were detected in the BRN for 
all three of the enzymes. Gastrointestinal expression of 
NAPEPLD, critical for AEA synthesis, was greater in the 
small intestinal tissues and COL compared to the tissues 
of the upper gastrointestinal tract. Synthesis of 2-AG 
relies on two diacylglycerol lipases, DAGLA and DAGLB, 
the latter of which differs by the lack of a C-terminal tail 
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[56]. While DAGLA is largely considered the primary 
synthesis enzyme for 2-AG in the CNS [58], previous 
work has provided evidence that expression of these two 
enzymes is highly tissue-dependent in other species, such 
as mice [56]. Interestingly, DAGLA was not found to be 
expressed in liver, tongue or rumen, and at relatively 
low levels in all other tissues except brain. Expression of 
DAGLB, however, was detectable in all tissues, but was 
highly variable between samples. Localization of DAGLB 
was further explored in the gastrointestinal tissues. In 
the tongue, positive staining was found in the cells of 
the circumvallate papillae. This is consistent with previ-
ous work showing expression of DAGLA and detection 
of 2-AG in mouse taste cells [59]. Moreover, the ECS has 
been implicated in regulating taste buds, especially in the 
modulation of “sweet” taste [60]. DAGLB was also found 
localized to epithelial cells of the rumen, small intestine 
and colon in the present study. In tissues of the middle 
and lower gastrointestinal tract, DAGLB appeared to 
stain goblet cells in the jejunum and ileum. In the COL, 
staining of goblet cells and enterocytes was observed. 
Similarly, Marquez et al. [61] demonstrated localization 
of both DAGLA and DAGLB in various epithelial cell 
types, including epithelial glands, in the human colon, 
and expression is altered by epithelial perturbations from 
ulcerative colitis. In the bovine gastrointestinal tract the 
endocannabinoid synthesis likely plays comparable roles 
in mediating inflammation in the epithelium.

Previous studies have demonstrated important roles 
for AEA and 2-AG in regulating intake, gut motility and 
energy balance [51, 62, 63]. A study by Gomez et al. [64] 
showed substantial increases in small intestinal AEA of 
starved rats. Although AEA levels were not measured in 
the present study, the high degree of NAPEPLD expres-
sion in the lower gastrointestinal tract may be attributed 
to their postprandial status, or due to stress of trans-
port on the day of slaughter. Consistent with this theory, 
Kuhla et al. [14] found elevated plasma levels of both 
AEA and 2-AG in early lactation dairy cows and adminis-
tration of both ECs improved feed intake during a stress 
response in late lactation Simmentals [15], suggesting 
possible orexigenic effects. In contrast, however, dry mat-
ter intake was not altered when AEA was administered to 
early lactation dairy cows [13].

In addition to synthesis enzymes, the balance of endo-
cannabinoid activity relies on two key degradation 
enzymes, FAAH and MGLL. While FAAH is responsible 
for the metabolism of AEA, MGLL primarily degrades 
2-AG [65]. In the present experiment, gene expression 
of FAAH was only detectable in a subset of the tissues 
examined. Among the gut tissues, only those of the small 
intestine (MJE and ILE) showed any meaningful expres-
sion. The action of AEA is tightly regulated through 
its degradation pathways and has a very short half-life 

[66, 67]. Therefore, expression may not be detectable 
depending on the physiological status if the tissue [23]. 
In contrast, MGLL was expressed, at various levels, in all 
tissues. 2-AG is an important source of arachidonic acid, 
a critical component of phospholipid membranes, with 
many physiological roles [56]. Expression levels in the 
various tissues may reflect mechanisms for maintaining 
physiological levels of arachidonic acid [58]. Moreover, 
MGLL has also been implicated in degradation of other 
monoacylglycerols besides 2-AG, suggesting its expres-
sion may be related to different functions, depending on 
the tissue type [65]. Overall the degree of expression of 
the degradation enzymes in the current study, in combi-
nation with the synthesis enzymes, likely contribute to 
maintaining basal concentrations of endocannabinoids 
and is reflective of the dynamic nature of the ECS in the 
bovine.

In addition to components of the ECS, this study also 
investigated a related system, the transient receptor 
potential (TRPs) channels. The TRPs are a class of mem-
brane-bound, non-selective, cation channels, which are 
involved in various sensory functions, such as tempera-
ture and pain perception [68]. The TRP system is inter-
twined with the ECS and there may be many beneficial 
targets for developing therapies, for example to treat pain 
and inflammation [69]. The primary focus for research 
has been on the interactions between ECs and the 
TRPV1 receptor. There are many other TRPs proposed to 
interact with the ECS, including TRPV3 [70] and TRPV6 
[71], however most have received little attention.

Expression of TRPV3 has been detected in bovine 
rumen, and is proposed as a mediator of calcium and 
NH4 + absorption [72, 73]. Consistent with these previ-
ous findings, the present study also found expression 
of TRPV3 in the RUM. Expression was additionally 
detected in TNG, OMA and COL. Previous work has 
demonstrated TRPV3 localization in human tongue 
epithelium [74] and in mouse primary colonocytes [75]. 
Expression of TRPV3 in bovine omasum has not been 
previously investigated. TRPV6 was highly expressed in 
the THY and in the DUO tissue, however it was not at 
detectable levels in any of the other tissues of the gas-
trointestinal tract. While TRPV6 was below the limit of 
detection in bovine RUM in Rosendahl et al. [76], expres-
sion was detected in small intestinal tissues, and only a 
low levels in the rumen in sheep [77]. Duodenal TRPV6 
also detected in bovine tissue [78], and expression has 
been found to be influenced by 1,25(OH)2D3 concentra-
tions in humans [79]. Evidence suggests that phytochem-
icals such as terpenes and cannabinoids may interact 
with TRPV3 and TRPV6, and influence cation transport 
in the gastrointestinal tract. For example, menthol is a 
proposed agonist for TRPV3 and was thought to alter 
calcium transport in the ovine rumen [80]. Neuberger 
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et al. [71] provided evidence of TRPV6 inhibition by the 
minor cannabinoid tetrahydrocannabivarin. Inhibitors of 
TRPV6 have gained recent interest for their potential use 
as therapies for various diseases relating to calcium dys-
regulation, including in the gastrointestinal tract and the 
thyroid gland [81, 82].

Although the focus of this study was on the transcript 
abundance of the ECS across various tissues, an interest-
ing aspect that might have added some additional insight 
is quantified protein expression. Moreover, a limitation 
of the expression data of the intestinal tissues is a lack 
of specificity with regards to cell type, due to the use of 
whole mucosa. Exploration of the expression in various 
cell types would further the knowledge of the ECS, how-
ever this analysis was beyond the scope of the current 
study.

Conclusions
While the knowledge of this system in ruminants is not 
extensive, evidence suggests there are many opportuni-
ties for utilizing the ECS to benefit production animals 
[83]. Phytochemicals that interact with the various com-
ponents of the system may be useful for mitigating pain 
or stress [11, 69], or for altering intake and lipid metab-
olism [12, 15]. An understanding of the constitutive 
transcript abundance will aid in the identification of tis-
sue-specific targets. In conclusion, this experiment dem-
onstrates the dynamic nature of expression of the bovine 
ECS. The results provide novel insights into the steady-
state expression of the ECS in bovine tissue, expanding 
the understanding of the system and providing a stepping 
off point for future investigations into the potential ben-
efits for ruminants.
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