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ABSTRACT
Introduction: Intervertebral disc degeneration is strongly implicated as a cause of low back pain. Although the precise patho-
physiological mechanisms remain elusive, perturbations in nutrition that adversely impact the cellular microenvironment of the 
central nucleus pulposus (NP) may be contributing factors. A comprehensive understanding of this microenvironment, including 
changes in nutrient availability as a function of degeneration, is critical for the development of effective cell-based treatments. 
The goal of this study was to adapt brain tissue oxygen probes and microdialysis catheters for in situ determination of relative NP 
oxygen, glucose, and lactate levels in a preclinical goat model of disc degeneration.
Methods: Following ex vivo technical refinement in bovine caudal discs, baseline metabolite measurements were performed 
in vivo in the lumbar discs of 3 large frame goats. Degeneration was then induced via injection of chondroitinase ABC (ChABC) 
into the NP, and measurements were repeated after 12 weeks. Degeneration severity was graded using magnetic resonance imag-
ing (MRI) and histology, and vertebral endplate porosity was assessed using microcomputed tomography.
Results: Oxygen and lactate levels in goat NPs were significantly higher in degenerate compared to healthy discs, while glucose 
levels were not significantly different. ChABC-injected discs exhibited higher vertebral endplate porosity, worse histological and 
MRI grades, and a spectrum of cartilage endplate damage compared to healthy discs. There were significant positive correlations 
between MRI grade and both NP oxygen and lactate levels.
Discussion: We successfully adapted techniques including surgical placement, equilibration time, flow rate, and detection 
method for in situ measurement of oxygen, glucose, and lactate in a goat model of disc degeneration. Interestingly, while in-
creased lactate with degeneration was expected, increased oxygen levels were unexpected. Our findings may, in part, be ex-
plained by associated alterations in disc and endplate structure, and motivate future studies to comprehensively establish the 
underlying mechanisms in this model.
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1   |   Introduction

Chronic low back pain is a leading contributor to disability and 
imposes a substantial socioeconomic burden worldwide [1]. A 
key cause of low back pain is lumbar intervertebral disc degen-
eration [2, 3]. The intervertebral discs are the partially movable 
joints of the spine. Each disc is comprised of a central, gelati-
nous, proteoglycan-rich nucleus pulposus (NP), a peripheral, 
fibrocartilaginous annulus fibrosus (AF), and superiorly and in-
feriorly, two cartilaginous endplates (CEPs) that interface with 
the adjacent vertebrae [4, 5]. The primary function of the disc 
is mechanical and includes facilitating both the even transfer 
and distribution of forces between the vertebrae and, in concert 
with the posterior facet joints, complex multiaxial mobility of 
the intervertebral joint [4, 5]. Disc degeneration is a slowly pro-
gressing, cell-mediated cascade that is closely linked to aging 
[2, 6]. Although the precise pathophysiological mechanisms 
driving disc degeneration remain elusive, contributing factors 
may include reduced vascular supply and consequent alterations 
within the nutritional microenvironment, the disappearance of 
notochordal NP cells, mechanical trauma, genetics, comorbidi-
ties such as obesity and diabetes, and lifestyle [4, 7].

The earliest manifestations of disc degeneration typically occur 
in the NP, where altered cellularity and increased local inflam-
mation drive extracellular matrix (ECM) changes that com-
promise biomechanical function [4, 8]. The NP is an avascular 
tissue, and resident cells largely depend on capillaries located 
in the underlying vertebral endplates (VEPs) for the provision 
of critical metabolites such as oxygen and glucose, which dif-
fuse through the CEPs [9]. Metabolic waste secreted by NP cells 
diffuses from the disc in the opposite direction and creates a 
concentration gradient depending on the rates of nutrient sup-
ply and cell metabolism. Diminished nutrient supply to the NP 
has long been considered a trigger for disc degeneration [10]. 
Studies tracking the diffusion of paramagnetic contrast media 
using MRI showed reduced diffusion in mildly degenerated 
discs [11]. Morphological assessments of the VEPs showed that 
with increased degeneration severity, there was a decrease in 
pore density, particularly of those that hold capillary buds [12]. 
Pathological occlusion of endplate pores may result in an inad-
equate nutrient supply and increased NP tissue acidity due to 
lactate accumulation, both of which negatively impact NP cell 
viability and ECM production [13]. There has been a lack of ap-
propriate in vivo models as well as sufficiently sensitive quanti-
tative techniques for in situ assessment. Consequently, very few 
studies have performed direct, in situ measurements of NP me-
tabolite concentrations in healthy and degenerated discs.

Currently, low back pain is most often managed conservatively, 
while patients with advanced disc degeneration may be treated 
surgically using procedures such as spinal fusion or total disc re-
placement [14]. These interventions may provide symptom relief 
but fail to restore healthy disc structure and mechanical func-
tion, and exhibit poor long-term efficacy [15]. Emerging cell-
based treatments such as those using mesenchymal stem cells 
(MSCs) have shown the potential to regenerate NP tissue, re-
lieve discogenic pain, and prevent disc degeneration progression 
[16–18]. However, the degenerate NP microenvironment poses 
a major challenge to effective cell-based treatment, as limited 
oxygen and nutrient supply adversely affect the performance of 

therapeutic cells [19, 20]. This challenge is compounded by our 
limited understanding of the dynamic nutritional microenvi-
ronment of the degenerating disc.

Microdialysis is widely used to monitor cerebral glucose and 
other metabolite levels in patients with acute brain injury due 
to trauma or ischemic stroke [21]. The procedure involves atrau-
matic insertion of a catheter into the brain parenchyma, through 
which isotonic fluid is circulated. A semipermeable membrane 
at the tip of the catheter functions like a blood capillary, allow-
ing small molecules and solutes in the extracellular fluid of the 
tissue to diffuse across it, depending on their size and concen-
tration [21]. Subsequently, the perfusion fluid passing through 
the catheter captures these molecules, exits as dialysate, and is 
collected in a micro-vial for analysis. The Licox system is a pre-
calibrated Clark-type oxygen probe, which is commonly used 
to monitor cerebral oxygen levels in patients with acute brain 
injury [22]. The probe consists of two electrodes covered with 
a gas-permeable membrane. In the targeted tissue, soluble ox-
ygen diffuses through the membrane and is electrochemically 
reduced at one of the electrodes, generating an electric current 
[22]. The change in voltage between the reference and mea-
suring electrodes is directly proportional to the tissue oxygen 
concentration, but this relationship varies depending on tem-
perature. For this reason, the probes also contain an integrated 
thermocouple that provides continuous tissue temperature to 
the monitor for use in calculating and displaying real-time tis-
sue oxygen.

Given that nutrient diffusion to the center of the disc is a func-
tion of size, especially disc height, physiologically relevant char-
acterization of the disc microenvironment requires selection of 
an appropriate animal model [10]. Compared to rodents, larger 
animals such as goats, sheep, pigs, and dogs have discs that more 
closely approximate the geometry and nutritional microenviron-
ment of human discs. We and others have previously described 
a lumbar disc degeneration model in goats using intradiscal 
injection of chondroitinase ABC (ChABC) [23, 24]. This model 
recapitulates clinically relevant degeneration characteristics ob-
served in humans, such as loss of proteoglycans, reduced disc 
height, alterations in VEP morphology, compromised biome-
chanics, and elevated pro-inflammatory cytokine expression 
[23, 25]. The objective of this study was to adapt brain tissue ox-
ygen probes and microdialysis techniques to determine relative 
NP oxygen, glucose, and lactate levels in healthy and degenerate 
intervertebral discs in a preclinical goat model.

2   |   Methods

2.1   |   Ex Vivo Technical Refinement

Prior to conducting oxygen, glucose, and lactate measurements 
in live animals, techniques were refined ex vivo using a bovine 
caudal disc model (Figure  1A). Three adult bovine tails were 
obtained within 24 h of death (Research 87 Inc.; Boylston, MA, 
USA), and musculature and other soft tissues were removed 
to expose the coccygeal discs between C1and C5. Oxygen 
measurements were performed using the Licox Brain Tissue 
Oxygen Monitoring System (Integra Lifesciences; Princeton, 
NJ, USA). A 16G × 1.5-in. needle was used to position a Licox 
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probe (pre-calibrated by the manufacturer) in the center of the 
NP of each disc, with placement confirmed using fluoroscopy. 
Oxygen levels (mmHg) in n = 4 discs were recorded at 5-min 
time intervals for 90 min. Glucose and lactate contents were 
measured using microdialysis. A Brain Microdialysis CMA 70 
catheter with a membrane length of 10 mm and a molecular 

cut-off of 20 kDa (M Dialysis AB, Stockholm, Sweden) was used. 
Isotonic perfusion fluid (147 mmol/L NaCl, 2.7 mmol/L KCl, 
1.2 mmol/L CaCl2, and 0.85 mmol/L MgCl2) used for cerebral 
microdialysis was pumped into the catheter using a perfusion 
pump (CMA 107; M Dialysis) at one of two flow rates: 0.3 or 
1 μL/min (n = 3 discs each). Following initial system priming 

FIGURE 1    |    (A) Experimental setup for ex vivo oxygen and microdialysis measurements using bovine caudal discs. (B) Customized spinal nee-
dles used for in vivo probe placement. Inset shows window machined into Needle B to expose the oxygen probe to the tissue microenvironment. 
(C) Schematic showing needle assembly and placement for oxygen and microdialysis (MD) measurements. (D) Needle assembly positioned in a goat 
lumbar disc. (E) Representative lateral fluoroscopy image showing probes placed in two adjacent discs (arrows). (F) Undamaged microdialysis cath-
eter following retrieval.
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and equilibration, microdialysates were collected in micro-vials 
at 30-min time intervals for 150 min. Glucose and lactate levels 
in the microdialysates were determined using two independent 
assay types: the clinical ISCUSflex Microdialysis Analyzer (M 
Dialysis) that enables multiplex analysis of multiple metabolite 
types in a single sample, and high-sensitivity, single-analyte de-
tection kits for glucose (Sigma, St. Louis, MO, USA) and lactate 
(Abcam, Cambridge, MA, USA). In both instances, results were 
expressed in mmol/L. Accuracy of microdialysis measurements 
was assessed using whole disc organ culture. A bovine caudal 
disc with intact cartilage endplates was cultured under limited 
swelling conditions as described previously [26], in high glucose 
Dulbecco's Modified Eagle Medium supplemented with 10% 
fetal bovine serum, ascorbic acid (50 μg/mL) and 1% antibiotic-
antimycotic (all from Thermo Fisher Scientific, Waltham, MA, 
USA). After 7 days of culture, a microdialysis catheter was posi-
tioned in the NP as described above, and, following priming and 
equilibration, microdialysates were collected at 30-min time in-
tervals for 150 min at a flow rate of 0.3 μL/min. Glucose concen-
trations in the microdialysates and culture media (n = 3 aliquots) 
were measured using a high-sensitivity detection kit.

2.2   |   In Vivo Measurements in a Goat Model 
of Disc Degeneration

Animal experiments were approved by the Institutional Animal 
Care and Use Committees of the University of Pennsylvania 
and the Corporal Michael J. Crescenz VA Medical Center. Three 
skeletally mature, large-frame goats (male castrated mixed 
breed Nubian crosses, approximately 4 to 6 years old; Thomas 
D. Morris Inc., Reisterstown, MD, USA) were used in this study. 
All 3 goats underwent two surgical procedures, 12 weeks apart. 
During the first surgery, under general anesthesia, the lumbar 
intervertebral discs (L1–L6) were exposed using a left lateral 
retroperitoneal transpsoatic approach, as described previously 
[23]. During placement, probes were found to self-eject from 
the disc due to the high swelling pressure of the NP, an issue 
not encountered during ex vivo measurements. To address this 
challenge, guide needles were further customized. Specifically, 
we utilized three customized coaxial anchoring spinal nee-
dles (GeoTeck Health Care Products, Ankara, Turkey; needles 
“A,” “B,” and “C,” shown in Figure 1B,C). To prevent damage 
to the probes, bevels were first blunted using grinding discs. 
Needle A (15G × 18 mm) served as an anchor within the AF. 
Depending on the probe type (Licox oxygen probe or microdi-
alysis catheter), we then inserted either Needle B or C through 
Needle A (Figure 1C,D). For oxygen analysis, we used Needle B 
(17G × 58.5 mm), which was modified with an 8 mm side open-
ing to expose the Licox probe to soluble oxygen in the tissue 
while protecting it from damage. After positioning the probe, 
the needle port was sealed with bone wax to prevent atmo-
spheric oxygen from impacting the measurements. For micro-
dialysis, where 360° contact of the catheter with the NP tissue 
was imperative, Needle C (17G × 48 mm) was used. Accurate 
probe placement within the NP was confirmed using 3D flu-
oroscopic imaging with an ARCADIS Orbic 3D mobile C-arm 
system that provides fast scan times (Siemens Medical Solutions 
USA Inc., Malvern, PA, USA) (Figure  1E), and baseline mea-
surements were collected from 7 discs. Probe integrity was con-
firmed at the completion of measurements following retrieval 

from the disc (Figure 1F). Oxygen measurements were recorded 
at 5-min intervals for 30 min (n = 7 discs at baseline). While this 
was shorter than for ex vivo studies, a preliminary assessment 
using cadaveric goat lumbar discs and subsequent in vivo con-
firmation in two discs at 12 weeks (Figure S1) indicated faster 
equilibration than for bovine tail discs, and this shorter period 
of collection facilitated a reduction in surgery time. For glucose 
and lactate measurements, microdialysis catheters were per-
fused with isotonic fluid at a flow rate of 0.3 μL/min. Following 
initial priming and equilibration, microdialysates were col-
lected at 30-min intervals up to 150 min (n = 5 discs at baseline). 
Subsequently, intervertebral disc degeneration was induced by 
injecting 2 U of ChABC (Amsbio; Cambridge, MA, USA) resus-
pended in 200 μL of phosphate buffered saline containing 0.1% 
bovine serum albumin into the NPs of 4 or 5 discs (L1-L6), while 
the T13-L1, L1-2, and/or L6-L7 discs served as intact healthy 
controls. After allowing degeneration to progress for 12 weeks, 
a second surgery was performed, where Licox and microdialysis 
measurements were repeated (n = 6 discs each for both measure-
ment types). Note that sample sizes were inconsistent at baseline 
versus 12 weeks due to probe damage occurring during place-
ment (noted during the probe integrity check at the completion 
of measurements) that resulted in failed measurements for some 
discs. Additionally, the isolated impact of probe insertion alone 
on disc degeneration was assessed. Specifically, a subset of discs 
(n = 4) received ChABC injections but did not undergo probe in-
sertion and monitoring at either time point.

The glucose and lactate concentrations in microdialysates were 
determined using the single analyte high-sensitivity detection 
kits described above. In vivo magnetic resonance images (MRI) 
and lateral plain radiographs of the lumbar spine were obtained 
at 0 weeks (before the first surgery) and again at 12 weeks (prior 
to the second surgery). Mid-sagittal T2-weighted images were 
obtained using a 3T clinical MRI scanner (Siemens Magnetom 
TrioTim; Munich, Germany), and disc degenerative condition 
at 12 weeks (intact, ChABC only and ChABC plus probes) was 
assessed using semiquantitative Pfirrmann grading by three in-
dependent observers blinded to the study groups (results aver-
aged prior to statistics). Disc height index (DHI) at 12 weeks as a 
percentage of baseline was determined from radiographs using 
established techniques [27]. Following the second surgery, ani-
mals were euthanized using an overdose of sodium pentobarbi-
tal solution following American Veterinary Medical Association 
guidelines. Lumbar spines were then harvested for the postmor-
tem analyses described below.

2.3   |   Microcomputed Tomography and Histology

Lumbar spines were flensed of surrounding musculature, and 
posterior boney elements were removed. Vertebra-disc-vertebra 
spine segments were prepared by cutting through intervening 
vertebral bodies, fixed in buffered 10% formalin for 1 week at 
4°C, and then imaged using microcomputed tomography (μCT) 
(MicroCT45; Scanco Medical, Switzerland) at an isotropic reso-
lution of 24.2 μm, an energy of 70 kVp, a current of 114 μA, and 
a 250 ms integration time. 3D images were reconstructed using 
Scanco software and manually segmented to visualize the sur-
faces of the cranial and caudal VEPs. Percent porosity of the VEP 
surfaces was calculated using ImageJ software (Version 1.53t; 
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National Institutes of Health, Bethesda, MD, USA). Results for 
cranial and caudal VEPs were averaged prior to statistics.

Following μCT imaging, spine segments were decalcified in 
formic and ethylenediaminetetraacetic acids (Formical 2000; 
StatLab; McKinney, TX, USA) for 4 weeks and processed for par-
affin histology. Mid-sagittal, 8 μm sections were cut and double 
stained with either Alcian blue and picrosirius red to demon-
strate glycosaminoglycans and collagen, respectively, or hema-
toxylin and eosin to demonstrate cellularity. Stained sections 
were imaged using an AxioScan.Z1 slide scanner (Carl Zeiss AG; 
Oberkochen, Germany) at 10× magnification. Semiquantitative 
grading of disc degenerative condition was graded by three in-
dependent observers (results averaged prior to statistics), using 
an adaptation of established techniques (Table S1) [23, 28]. Five 
categories were assessed on a scale of 0 (normal) to 100 (severely 
abnormal): (1) organization of the AF, (2) NP matrix, (3) demar-
cation of the AF/NP border, (4) NP cellularity, and (5) CEP struc-
ture. An overall grade for each disc was calculated as the sum of 
these individual parameters.

2.4   |   Statistical Analyses

Statistical analyses were performed using Prism (v8.3.0; 
GraphPad Software; San Diego, CA, USA). Results are reported 
as median and interquartile range (IQR). For in  vivo oxygen 
measurements, statistical comparisons were performed on in-
stantaneous values measured at 30 min. For glucose and lactate, 
statistical comparisons were performed on averaged results for 
microdialysates collected at the final 3 collection time points: 
90, 120, and 150 min (to ensure fully stable and equilibrated 
measurements). Mann–Whitney U tests were used for all pair-
wise comparisons. For ex  vivo microdialysis measurements, 
Kruskal–Wallis tests with post hoc Dunn's tests were used to 
establish the effect of flow rate and assay type on results. The 
impact of ChABC injection (with and without probe placement) 
on degeneration severity at 12 weeks assessed using Pfirrmann 
grade, VEP porosity, and histology grade was established using 
Kruskal-Wallis tests with post hoc pairwise Dunn's tests. 
Changes in disc height at 12 weeks relative to baseline follow-
ing ChABC injection (with and without probe placement) were 
determined using Wilcoxon signed rank tests. Correlations be-
tween glucose, lactate, and oxygen levels and MRI Pfirrmann 
grade were determined using Spearman's tests. Significance was 
defined as p < 0.05 for all tests.

3   |   Results

3.1   |   Ex Vivo Refinement

Licox and microdialysis acquisition parameters were first eval-
uated using an ex  vivo bovine caudal disc model (Figure  1). 
After positioning Licox probes in the NP, oxygen tension grad-
ually decreased and equilibrated after approximately 45 min at 
2 (5.75) mmHg (~0.109 mol/m3) (Figure 2A; note that the Licox 
system reports whole integers only; value in brackets is IQR). 
Microdialysis was performed at two different perfusion rates to 
determine the flow rate that provided the greatest recovery of 
metabolites from the interstitial fluid of the NP. For both flow 

rates, metabolite measurements were relatively stable from ap-
proximately 30 min onwards (Figure  2B–E). Microdialysates 
collected at 0.3 μL/min exhibited a higher recovery of metab-
olites compared to 1 μL/min, though the differences were not 
statistically significant (Figure  2C,E). We compared two dif-
ferent analytical techniques for measuring glucose and lactate 
concentrations: a clinical ISCUS analyzer and single analyte 
high-sensitivity detection kits. For 0.3 μL/min flow rate sam-
ples (averaged microdialysates collected at 90, 120, and 150 min) 
assessed using the ISCUS analyzer, median glucose and lactate 
levels were 0.465 (0.673) mmol/L and 5.379 (4.983) mmol/L, re-
spectively (Figure 2C,E). For single analyte kits, median glucose 
and lactate levels were 0.383 (0.871) mmol/L and 4.100 (4.983) 
mmol/L, respectively. While the single analyte kit measure-
ments in the 0.3 μL/min flow rate samples were lower than those 
measured using the ISCUS system, the differences were not sta-
tistically significant. For the 1 μL/min flow rate, values were 
similar for both assay methods for glucose and lactate. Finally, 
the glucose concentration in microdialysates collected from 
whole disc organ culture was 25.432 (1.094) mmol/L (median of 
90, 120, and 150 min collection time points), which was 89.5% of 
the concentration measured in the culture media (28.425 (0.277) 
mmol/L).

3.2   |   In Vivo Measurements in a Goat Model 
of Disc Degeneration

In vivo MRI and plain radiography were performed to con-
firm the presence and severity of disc degeneration following 
ChABC injection, and examine any additional impact of probe 
placement. Qualitatively, T2-weighted, mid-sagittal MRI im-
ages showed signal intensity changes consistent with moderate 
to severe degeneration in ChABC discs after 12 weeks. Noted 
changes included reduced signal intensity in the NP and dimin-
ished disc height compared to both baseline for the same disc 
levels, and adjacent healthy, intact discs at 12 weeks (Figure 3A). 
Subjectively, ChABC discs that received probes exhibited simi-
lar degenerative changes to those that did not. Semiquantitative 
evaluation using Pfirrmann grading confirmed significantly 
higher (p < 0.001) grades for the ChABC-injected discs (both 
with and without probe placement) compared to healthy discs 
(Figure  3B). Pfirrmann grades for ChABC discs that received 
probes were not significantly different from those that did not. 
With respect to disc height, discs that received ChABC injec-
tions plus probe placement showed a significant decrease in 
DHI at 12 weeks compared to baseline (Figure 3C,D). For discs 
that received ChABC only, DHI was similarly decreased, but 
changes did not reach statistical significance.

In healthy discs at baseline, median oxygen after 30 min of 
equilibration was 50 (27) mmHg (~2.61 mol/m3, Figure 4A). In 
degenerate discs, 12 weeks after ChABC injection, median oxy-
gen was 108 (50.25) mmHg (~5.65 mol/m3), which was signifi-
cantly higher (p = 0.02) than healthy discs at baseline. Glucose 
and lactate results from microdialysates collected at 90, 120, 
and 150 min were averaged prior to statistics. For healthy discs 
at baseline, median glucose and lactate concentrations were 
0.063 (0.071) mmol/L and 0.069 (0.102) mmol/L, respectively 
(Figure 4B,C). In degenerate discs after 12 weeks, median glu-
cose was 0.104 (0.665) mmol/L (not significantly different from 
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baseline), and median lactate was 0.883 (1.981) mmol/L (signifi-
cantly higher than baseline, p = 0.004, Figure 4B,C).

3.3   |   Microcomputed Tomography and Histology

Vertebral bony endplates adjacent to healthy and degener-
ate discs after 12 weeks were evaluated using μCT imaging 
(Figure  5). Subjectively, VEP bony erosion ranging from 
moderate to severe was evident adjacent to ChABC-injected 
discs (Figure 5A), and quantitative analysis revealed signifi-
cantly higher porosity for discs that received ChABC plus 

probes compared to healthy discs (Figure  5B). There were 
no significant differences in porosity between VEPs adja-
cent to ChABC-injected discs that received probe placement 
versus those that did not. Histological assessment revealed 
moderate-to-severe degeneration in ChABC-injected discs 
(Figure  6A,B). Subjectively, these discs exhibited reduced 
glycosaminoglycan staining in the NP and a less distinct AF/
NP border compared to healthy discs. In addition, cartilagi-
nous and vertebral bony endplate damage was observed, and 
in some instances was associated with herniation of disc tis-
sue into the adjacent vertebrae. Semi-quantitative histological 
grading revealed that AF organization, NP matrix, AF/NP 

FIGURE 2    |    (A) Ex vivo oxygen measurements in bovine caudal NPs over time. (B) Ex vivo glucose measurements over time as a function of flow 
rate and assay type. (C) Glucose measurements averaged for 90, 120, and 150 min collection time points. (D) Lactate measurements over time as a 
function of flow rate and assay type. (E) Lactate measurements averaged for 90, 120, and 150 min collection time points. N = 4 (oxygen) and N = 3 
(glucose and lactate). Median and interquartile range. SA, single analyte.
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FIGURE 3    |    (A) Representative in vivo, T2-weighted, mid-sagittal MRI images of a goat lumbar spine taken at baseline and 12 weeks after ChABC 
injection. (B) Semi-quantitative MRI grading of disc condition at 12 weeks. *p < 0.05 vs. healthy. (C) Representative in vivo radiographs of a goat lum-
bar spine taken at baseline and 12 weeks after ChABC injection. (D) Percentage change in disc height index (DHI) 12 weeks after ChABC injection 
compared to baseline (+p < 0.05). N = 4–9; median and interquartile range.

FIGURE 4    |    (A) Oxygen, (B) Glucose, and (C) Lactate measured in vivo in healthy and degenerate goat NPs. Glucose and lactate are averaged for 
90, 120, and 150 min collection time points. *p < 0.05 versus healthy; N = 5–7; median and interquartile range.
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FIGURE 5    |    (A) Representative μCT images of vertebral endplates showing moderate to severe bony erosion adjacent to ChABC-injected discs. (B) 
Quantification of bony endplate porosity. *p < 0.05 versus healthy; N = 3–6; median and interquartile range.

FIGURE 6    |    (A) Representative Alcian blue and picrosirius red (ABPR) and (B) hematoxylin and eosin (H&E) stained mid-sagittal histological 
sections of healthy and degenerate goat discs; scale = 5 mm. Note the presence of endplate damage and associated eruption of disc tissue into adjacent 
vertebrae in the severely degenerate disc (arrow). (C–G) Semi-quantitative histological grading of NP cellularity, NP matrix, AF organization, AF/NP 
border, and CEP structure. (H) Overall histological grade. *p < 0.05 versus healthy; N = 3–6; median and interquartile range.
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border, NP cellularity, EP structure, and overall grade were 
all significantly higher in ChABC-injected discs that received 
probes compared to healthy discs (Figure 6C–H). While some 
grading parameters were higher for ChABC discs that re-
ceived probes compared to those that did not, there were no 
significant differences.

Finally, we examined correlations between glucose, lactate, and 
oxygen levels, and MRI Pfirrmann grade (Figure  7). Glucose 
levels were significantly and positively correlated with lactate 
levels (r = 0.646, p = 0.037, Figure 7A). Lactate and oxygen lev-
els were both significantly and positively correlated with MRI 
grade (r = 0.825, p = 0.003; and r = 0.770, p = 0.009, respectively, 
Figure 7E,F).

4   |   Discussion

Changes in the cellular microenvironment of the disc NP due 
to altered nutrient availability have long been considered to 
be major contributing factors to disc degeneration [29]. In this 
study, we adapted state-of-the-art in situ tools to investigate the 
in vivo nutritional microenvironment of the NP in both healthy 
and degenerate discs using a goat model. Disc degeneration was 
associated with significantly higher oxygen and lactate concen-
trations, and this occurred concomitantly with CEP damage and 
increased vertebral bony endplate porosity.

Historically, metabolite concentrations in the disc have been 
studied ex vivo, for example using surgical waste tissue obtained 
from discectomy, and relatively few have performed direct, 
in vivo measurements [30–34]. Bartels et al. measured in vivo 

oxygen in human discs using chronoamperometry-based elec-
trodes, but found no significant differences between patients 
with disc degeneration and scoliosis, and results were highly 
variable, ranging from 7.8 to ~140 mmHg [32]. Evaluation of 
oxygen levels in healthy canine discs using polarographic elec-
trodes measured levels ranging from 0 to 16 mmHg [35]. Two 
prior studies used microdialysis to evaluate metabolite concen-
trations in  vivo in healthy porcine lumbar and cervical discs, 
measuring concentrations of ~0.5 and ~2.5–4 mmol/L for glu-
cose and lactate, respectively [30, 31]. For our studies, we used 
a goat ChABC-mediated model of disc degeneration. We pre-
viously showed that this model exhibits key characteristics of 
human degeneration, including clinically relevant structural, 
biomechanical, compositional, and inflammatory changes 
[23, 25]. More broadly, goat discs exhibit greater lumbar disc 
height (leading to greater diffusion distances) compared to other 
species of similar size (such as pigs and sheep) [36]. Also, like 
humans, these goat discs exhibit rapid loss of metabolically ac-
tive notochordal NP cells by skeletal maturity (unlike some pig 
breeds and chondrodystrophic dogs, for example) [37]. Each of 
these characteristics could reasonably be expected to impact the 
nutritional microenvironment of the NP and help justify the se-
lection of goats as a species for conducting these studies.

Our initial technical refinement studies were performed in bo-
vine tail discs, focusing on parameters including probe place-
ment, equilibration time, microdialysis flow rate, and detection 
methods for glucose and lactate. For microdialysis, we compared 
two flow rates based on prior literature [31, 38]. High flow rates 
decrease collection time, but may result in insufficient time 
for tissue metabolites to equilibrate within the perfusion fluid, 
leading to an underestimation of metabolite concentrations in 

FIGURE 7    |    Correlations (Spearman) between: (A) Glucose and lactate; (B) glucose and oxygen; and (C) lactate and oxygen measured in vivo in 
goat NPs (pooled healthy (baseline) and degenerate (12 weeks)). Correlations (Spearman) between disc MRI grade and: (D) glucose; (E) lactate; and 
(F) oxygen. N = 9–11.
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dialysates. High flow rates may also result in dilution of tissue 
metabolites, resulting in further underestimation. Conversely, 
lower flow rates increase collection time, but may enable more 
accurate measurements that are representative of the actual me-
tabolite concentrations of the tissue. This was supported by our 
ex vivo findings, where a lower flow rate of 0.3 μL/min resulted 
in higher levels of glucose and lactate detectable in microdialy-
sates, with results comparable to previously reported measure-
ments [30, 31]. Ex vivo experiments established an appropriate 
balance between diffusion time and collection volume for sub-
sequent in vivo experimentation. Notably, for 1 μL/min, glucose 
levels were below the detectable limit of the ISCUS analyzer for 
some discs. While even lower flow rates are possible and may 
produce even more accurate readings, the corresponding in-
crease in acquisition (and surgery) time made this impractical 
for in vivo experiments in anesthetized animals. To further im-
prove measurement accuracy, we used high-sensitivity single-
analyte assay kits to determine glucose and lactate contents in 
dialysates.

For in  vivo studies, MRIs and radiographs confirmed that 
ChABC injection effectively induced disc degeneration after 
12 weeks. Importantly, probe placement did not appear to sig-
nificantly exacerbate the severity of degeneration compared to 
discs that received ChABC injection alone. Unlike in vitro as-
sessments, during in vivo measurements, we encountered addi-
tional technical hurdles, primarily due to the higher NP swelling 
pressure and the narrow surgical corridor required to safely ac-
cess the goat disc. Additionally, the absence of adjacent tissue 
structures for anchoring the probes (compared to the brain for 
example, where probes are anchored to the skull) posed a chal-
lenge. These factors resulted in the fragile Licox probes and mi-
crodialysis catheters being easily damaged or ejected from the 
disc and requiring replacement. To address these challenges, we 
used modified needles to position both probe types and main-
tain continuous contact with NP tissue.

With respect to in  vivo findings, NP oxygen levels in healthy 
discs were of a similar order of magnitude to those reported pre-
viously for the goat NP [39]. Interestingly, compared to in vivo 
goat disc measurements, oxygen levels in the ex vivo bovine tail 
discs were lower and approached zero for some discs. A poten-
tial explanation for this discrepancy could be attributed to the 
function of the Licox probe, where the oxygen in the tissue is 
reduced by the cathode electrode, generating an electric current 
that determines the partial oxygen pressure. Due to the lack 
of active blood circulation in the bovine tail disc, the limited 
available oxygen may have been reduced and almost completely 
depleted by the electrode. In contrast, during in  vivo testing, 
higher measurements may be due to the continuous diffusion 
of oxygen to the disc via the endplates from active blood circula-
tion. Interestingly, both glucose and lactate contents were lower 
in healthy goat NP tissue compared to both our ex vivo bovine 
disc measurements and values reported in the literature [30, 31]. 
The reasons for this discrepancy are unknown; as discussed 
above, lower flow rates for microdialysis could potentially re-
sult in higher measurement values but are impractical due to 
the increased surgery time. Future studies could validate these 
in vivo readings against measurements made ex vivo on tissue 
samples to ascertain relative recovery of metabolites from the 
extracellular fluid.

In degenerate discs, both NP oxygen and lactate levels were sig-
nificantly higher than in healthy discs and positively correlated 
with MRI grade, which was an unexpected finding. Capillary 
buds in the VEPs are the primary source of nutrients for the NP 
[10]. From these capillary buds, small molecules such as glucose 
and oxygen selectively diffuse across the CEPs into the NP [40]. 
Changes in the ECM composition and structure of the CEPs 
therefore have a direct impact on the metabolic microenviron-
ment of the NP and the survival and performance of resident 
cells. Imaging studies have demonstrated diminished contrast 
agent diffusion across the CEP in degenerated discs [41], while 
ultrastructural studies have shown increased calcification and 
occlusion of CEP openings in degenerated discs [12, 42]. These 
findings suggest that disc degeneration is associated with de-
creased metabolite diffusion across the CEP and into the NP, 
resulting in reduced oxygen and glucose levels and higher lac-
tate accumulation, given that NP cells produce lactate as met-
abolic waste as a biproduct of anaerobic glycolysis leading to 
increasing tissue acidity [10]. In the current study, the reasons 
for the apparently contradictory findings of elevated lactate and 
oxygen levels are unclear. Notably, a previous study found that 
some patients with back pain exhibited higher oxygen levels in 
degenerated discs [32]. Prior work in human cadaveric discs 
showed that endplate defect size is positively correlated with 
the severity of disc degeneration and negatively correlated with 
intradiscal pressure [43]. Furthermore, it has been shown that 
the total endplate defect score positively correlates with the 
diffusion of contrast medium into the disc and the severity of 
disc degeneration [44]. Our findings, together with published 
literature, suggest that endplate defects may indeed explain, in 
part, elevated oxygen levels in degenerate discs by reducing bar-
riers to diffusion from the adjacent vertebral vascular and bone 
marrow. It is also possible that this increased diffusion leads to 
higher lactate levels, as circulating (serum) lactate in goats was 
previously reported to be ~2.6 mmol/L [45], which is higher than 
the healthy disc concentrations measured in the current study. 
The alterations to the NP ECM we observed histologically, in-
cluding diminished proteoglycan content, also likely impact the 
diffusion of nutrients to resident cells [10]. Other reasons for 
increased metabolite levels in degenerate discs could include 
decreased disc height, reducing nutrient diffusion distances, 
and altered cellularity, impacting overall metabolic consump-
tion rates. Consistent with our findings, increased lactate con-
tent with Pfirrmann grade has been reported by others [46, 47]. 
Accumulation of lactate in the disc promotes senescence and 
oxidative stress in NP cells, leading to apoptosis and decreased 
cellularity, which in turn negatively impacts the consumption 
of metabolites such as glucose [46]. This may in part explain 
the positive correlation observed between glucose and lactate 
concentrations.

This study had several limitations. First, we recognize that 
ChABC-mediated disc degeneration in goats does not fully 
mimic the degenerative cascade in human discs. For example, 
altered nutrition in human discs may be a causative factor in 
the initiation of the degenerative cascade, which is not recapit-
ulated by our model. Nevertheless, we contend that it is still a 
valid platform for assessing relationships between the structural 
and compositional states of the disc and metabolite concentra-
tions. Second, we only performed metabolite measurements at 
two time points, corresponding to healthy discs and those with 
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moderate to severe degeneration. Further, measurements were 
performed in a relatively small number of discs, and metabo-
lite measurements exhibited substantial variability within study 
groups. A more extensive longitudinal study, incorporating 
intermediate time points and a larger sample size would be re-
quired to more comprehensively determine the course of metab-
olite changes during progressive disc degeneration. Third, while 
repeatability (test–retest reliability) was not formally assessed 
in this study, we ensured measurement stability by allowing 
sufficient equilibration time prior to data acquisition, averag-
ing the results for multiple dialysates collected for each disc to 
reduce variability, and standardizing probe placement. Fourth, 
as reported previously by our group and others [17, 23, 48, 49], 
ChABC-induced degeneration in this model results in CEP 
damage and bony resorption, which in some instances is severe 
and associated with herniation of disc material into the adjacent 
vertebrae. The underlying cause is the focus of ongoing studies, 
but possibilities include direct enzymatic damage to the CEP or 
inflammation due to an immunogenic response to the ChABC 
protein. Importantly, the ChABC enzyme used in this study had 
very low endotoxin content (< 0.05 endotoxin units/mL) to min-
imize any contaminant-driven immune response. An additional 
possibility is that there are intrinsic endplate weaknesses spe-
cific to some vertebrae or animals. Notably, goats have thinner 
CEPs compared to other species [50]. Finally, it is possible that 
extended surgical exposure of discs to atmospheric oxygen could 
have impacted results; although the fact that readings were sta-
ble for at least 60 min suggests these effects were minimal.

In summary, in this study we successfully adapted in situ tech-
niques to assess relative NP glucose, lactate, and oxygen con-
centrations in a clinically relevant large animal model of disc 
degeneration. Our findings lay the foundation for future, more 
comprehensive studies, including longitudinal evaluation of 
disc nutrition with and without therapeutic intervention.
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