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Culture temperatures for broiler chicken cells are largely based on those
optimized for mammalian species, although normal broiler body temperature
is typically more than 3°C higher. The objective was to evaluate the effects of
simulating broiler peripheral muscle temperature, 41°C, compared with standard
temperature, 38°C, on the in vitro proliferation and differentiation of primary
muscle-specific stem cells (satellite cells; SC) from the pectoralis major (PM) of
broiler chickens. Primary SC cultures were isolated from the PM of 18-day-old
Ross 708 X Yield Plus male broilers. SC were plated in triplicate, 1.8-cm?, gelatin-
coated wells at 40,000 cells per well. Parallel plates were cultured at either 38°C or
41°Cin separate incubators. At 48, 72, and 96 h post-plating, the culture wells were
fixed and immunofluorescence-stained to determine the expression of the
myogenic regulatory factors Pax7 and MyoD as well as evaluated for apoptosis
using a TUNEL assay. After 168 h in culture, plates were immunofluorescence-
stained to visualize myosin heavy chain and Pax7 expression and determine
myotube characteristics and SC fusion. Population doubling times were not
impacted by temperature (p > 0.1148), but culturing broiler SC at 41°C for 96 h
promoted a more rapid progression through myogenesis, while 38°C maintained
primitive populations (p < 0.0029). The proportion of apoptotic cells increased in
primary SC cultured at 41°C (p < 0.0273). Culturing at 41°C appeared to negatively
impact fusion percentage (p < 0.0001) and tended to result in the formation of
thinner myotubes (p = 0.061) without impacting the density of differentiated cells
(p = 0.7551). These results indicate that culture temperature alters primary broiler
PM SC myogenic kinetics and has important implications for future in vitro work as
well as improving our understanding of how thermal manipulation can alter
myogenesis patterns during broiler embryonic and post-hatch muscle growth.
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1 Introduction

Hypertrophic growth of post-mitotic muscle fibers in young animals
relies on populations of resident, muscle-specific stem cells, or satellite
cells (SC; White et al., 2010). SC are capable of proliferating and fusing
with existing muscle fibers to increase DNA content and allow for
growth by expanding the potential for protein synthesis (Hall and
Ralston, 1989). There is growing interest in evaluating SC isolated
from the pectoralis major (PM) of modern broiler chickens in vitro
to better understand broiler muscle growth, as well as develop practical
methods to optimize meat yield. However, in vitro research on SC from
current broiler strains is limited, and cell culture conditions are not well
established in the existing literature. Many avian SC experimental
protocols have been adapted from early work culturing murine SC
(Bischoff, 1986), where the physiological body temperature of the donor
animal is typically between 37°C and 38°C. Many researchers have
adopted this range as a standard culture temperature for chicken SC
(Matsuda et al., 1983; Halevy et al., 2004; Geiger et al., 2018; Tompkins
etal, 2021). Yet, the average core body temperature of modern broilers is
closer to 41°C (Giloh et al., 2012; Peebles et al,, 2021), so this widely used
standard cell culture temperature may not be reproducing physiological
conditions of the broiler SC niche in vivo.

Increasing culture temperature above 38°C appears to increase
both proliferation and differentiation of chicken SC (Harding et al.,
2016). However, it is worth noting that the previously mentioned
experiment was conducted with passaged SC isolated from broilers
over 25 years ago (McFarland et al., 1997) that likely differ greatly
from modern broiler strains, given the extensive genetic selection for
muscle growth. Considering recent evidence that culture
temperature impacts SC function in cells from fast-growing
turkeys differently compared to cells from their heritage strain
counterparts (Xu et al., 2022; Xu et al., 2023), evaluating SC from
modern broilers may provide an updated understanding of the
influence of temperature. In mammalian species, culturing SC
continuously at temperatures above their respective physiological
body temperature suppresses proliferation in primary swine cells
(Park et al., 2023) and reduces myotube diameter in primary human
cultures (Yamaguchi et al., 2010). Therefore, comparing the effects
of a standard cell culture temperature versus a temperature that is
closer to that of peripheral broiler muscle on SC proliferation and
differentiation could help establish optimal culture conditions to
properly evaluate modern broiler SC in future work. It was
hypothesized that primary SC isolated from broiler chicken PM
would have improved proliferation and greater SC fusion when
cultured at 41°C.

2 Materials and methods

All procedures regarding live birds were approved by the

Auburn  University Institutional Animal Care and Use

Committee (PRN 2020-3767).
2.1 Primary cell isolation
Primary muscle cell cultures were isolated from the pooled PM

of 18-day-old Ross 708 x Yield Plus male broilers (n = 6 per replicate
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isolation). The broilers were reared on a common corn- and soybean
meal-based diet formulated to meet or exceed primary breeder
nutrient specifications in floor pens in an environmentally
controlled facility (Charles C. Miller Jr. Poultry Research and
Education Center, Auburn, AL, United States). Lighting and
temperature were established according to primary breeder
recommendations. Prior to muscle harvest and immediately
following euthanasia via electrocution, a thermometer was
inserted approximately 2-3 cm into a small opening cut in the
center of the PM within a sterile environment. The average PM
internal temperature of all birds harvested (n = 18) was 41.14 +
0.08°C. PM was harvested, trimmed of excess fat, and briefly stored
in Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher,
Waltham, MA, Cat. 10567022) with 1% antibiotic/antimycotic (AB/
AM; Thermo Fisher, Waltham, MA, Cat. 15240112) + 0.1%
gentamicin (Thermo Fisher, Waltham, MA, Cat. 15710064) at
room temperature. PM tissue was pooled and chopped using a
bullet chopper to a uniform consistency. SC isolation methods were
adapted from Yablonka-Reuveni et al. (1987). Tissue was digested in
0.2% collagenase type 1 (Sigma-Aldrich, St. Louis, MO, Cat. C0130)
in DMEM for 1 h with mechanical inversion every 5 min. Tissue was
rinsed with phosphate-buffered saline (PBS) + 1% AB/AM + 0.1%
gentamycin and then resuspended in PBS and vigorously shaken.
The suspended tissue was centrifuged at 500 x g for 5 min, and then
the cell-containing supernatant was collected and centrifuged at
1,500 x g for 5 min to obtain a cell pellet. This process was repeated
three times to maximize cell yield, and the resulting cell pellets were
resuspended in low-glucose DMEM (Thermo Fisher, Waltham, MA,
Cat. 10567014) with 5% horse serum (Millipore Sigma, Burlington,
MA, Cat. H1270) + 3% AB/AM + 0.3% gentamicin, pooled, and then
passed through a 40-uM filter (Sigma-Aldrich, St. Louis, MO, Cat.
SCNY00040). A density centrifugation step to remove muscle debris
was conducted by layering the cell suspension over 20% Percoll
(Cytiva, Marlborough, MA, Cat. 17089101) in Minimum Essential
Medium (MEM; Thermo Fisher, Waltham, MA, Cat. 11090081) and
centrifuged at 1,700 x g for 5 min in 15-mL conical tubes that were
previously coated with horse serum. The remaining muscle debris
layer was removed from the top of the tube and discarded, and cells
were collected from the lower fraction. Cells were rinsed in MEM
and resuspended in DMEM with 10% horse serum + 10% DMSO
(Millipore Sigma, Burlington, MA, Cat. D2650) + 3% AB/AM +
0.3% gentamicin for long-term cryopreservation in liquid nitrogen
until further analysis. Three replicate isolations were conducted to
obtain three independent pools of cells from different birds of the
same flock on the same day.

2.2 Cell culture

Upon removal from liquid nitrogen storage, vials of primary SC
were briefly thawed in a water bath and rinsed in low-glucose
DMEM. Live cells were quantified using the Countess™
3 Automated Cell Counter (Invitrogen, Waltham, MA) via
trypan blue dye exclusion staining (Invitrogen, Waltham, MA,
Cat. T10282). Cells were diluted in proliferation media, as
described in Flees et al. (2022), consisting of low-glucose DMEM
with 10% chicken serum (Millipore Sigma, Burlington, MA, Cat.
C5405) + 5% horse serum + 1% antibiotic/antimycotic + 0.1%
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gentamicin to achieve 40,000 live cells per well in triplicate on 24-
well, gelatin-coated, tissue culture plates. The plates were incubated
in one of two tri-gas Heracell™ 160i incubators (Thermo Fisher,
Waltham, MA, Cat. 51033557) with 18% oxygen and 5% carbon
dioxide set at either 38 or 41°C. For the proliferation and TUNEL
assays, parallel plates were removed after 48, 72, and 96 h in culture.
The final plates used for the differentiation assay were changed to
differentiation media at 96 h post-plating consisting of low-glucose
DMEM + 5% horse serum + 1% antibiotic/antimycotic + 0.1%
gentamicin. The final parallel plates were removed after an
additional 72h or 168 h post-plating. The media were refreshed
every 48 h. The experiment was replicated three times with replicate
pools of cells from different birds of the same flock isolated on the
same day.

2.3 Proliferation

The expression of myogenic regulatory factor (MRF) at 48, 72, and
96 h post-plating was determined using indirect immunofluorescence
staining adapted from Day et al. (2007). In brief, cultures were rinsed
with PBS before fixation in 4% paraformaldehyde (Santa Cruz
Biotechnology, Dallas, TX, Cat. Sc-281692) for 10 min, followed by
15 min of permeabilization with 0.2% Triton X-100 (Thermo Fisher,
Waltham, MA, Cat. A16046). Nonspecific binding was blocked using 3%
bovine serum albumin (MP Biomedicals, Irvine, CA, Cat. 08810032) in
PBS. Primary antibodies against the MRF paired box 7 (Pax7;
Developmental Studies Hybridoma Bank, Iowa City, IA) and
myogenic determination factor 1 (MyoD; Santa Cruz Biotechnology,
Dallas, TX, Cat. sc-377460) were applied, followed by goat anti-mouse
IgG1 Alexa Fluor 488 and IgG2b Alexa Fluor 546 (Invitrogen, Waltham,
MA, Cat. A-21121 and A-21143). A 4’,6-diamidino-2-phenylindole
(DAPI; MP Biomedicals, Santa Ana, CA, Cat. 0215757410) nuclear
counterstain was applied to label all cell nuclei. Five random fields per
culture well were captured using a Nikon ECLIPSE" Ti2 inverted
fluorescence microscopy system at
Taxonomy tool in NIS-Elements software was used to enumerate
populations of Pax7+:MyoD-, Pax7+:MyoD+, Pax7+:MyoD+, and
MRF+ (Pax7+:MyoD-, Pax7+:MyoD+, and Pax7+:MyoD+) nuclei.
Populations were set as a proportion of total nuclei as well as

x200 magnification. The

reported on a mm?* basis. Population data were used to calculate
doubling time using the following formula adapted from Li et al
(2011), where t = time in h, Nt = final cell count, and Ni = initial
cell count.

t
DT = .
logz(%)

2.4 Apoptosis

The incidence of late-stage apoptotic cells was determined at 48, 72,
and 96 h post-plating on parallel plates using a Click-iT™ TUNEL Alexa
Fluor Imaging Assay (Invitrogen, Waltham, MA, Cat. C10245) to
identify DNA fragmentation associated with cell death. Extra culture
wells were plated to serve as a positive control with DNase I treatment as
per the manufacturer’s recommendations. A DAPI nuclear counterstain
was applied to label all cell nuclei. Following completion of the assay
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protocol, five random fields per culture well were captured using a Nikon
ECLIPSE” Ti2 inverted fluorescence microscopy system at x200 with the
Taxonomy tool in NIS-Elements software to determine cells that were
TUNEL-positive per mm” as well as on a proportion of total nuclei.

2.5 Differentiation

At 168 h post-plating, indirect immunofluorescence staining was
used to evaluate myogenic cell differentiation and fusion. The same
protocol as the proliferation assay was employed using primary
antibodies against Pax7 and myosin heavy chain (MHG;
Developmental Studies Hybridoma Bank, Iowa City, IA) followed by
goat anti-mouse IgG1 Alexa Fluor 488 and IgG2b Alexa Fluor 546 with a
DAPI nuclear counterstain. Five representative fields per well were
captured using a Nikon ECLIPSE" Ti2 inverted fluorescence
microscopy system at X200 magnification. NIS-Elements software was
used to analyze all images. Myotube boundaries were determined by
MHC expression, and myotube width was measured in pm
perpendicular to the widest point using the Length 3D tool in NIS-
Elements. When myotubes branched off one another, each branch was
considered a new myotube. The number of width measurements
obtained per image was used to quantify the density of myotubes per
mm” as well as the coefficient of variation among the widths. The
myotube area was quantified as a proportion of MHC expression to the
total image area using the Binary feature of NIS-Elements software as
previously described by Murphy et al. (2011) and Ferreira et al. (2020),
with thresholds set for each image. Finally, SC fusion was determined
using the Taxonomy tool in NIS-Elements to classify nuclei as either
internal or external to the myotubes and calculated as a proportion of
internal to total nuclei. The density of cells expressing Pax7 was also
determined.

2.6 Statistical analysis

MREF heterogeneity and apoptosis data during proliferation were
analyzed by time point, and doubling time, myotube characteristics, and
fusion data were analyzed as a one-way analysis of variance using the
generalized linear mixed model GLIMMIX procedure in SAS version 9.4
(PC version 9.4, SAS Inst. Inc,, Cary, NC, United States). Culture
temperature was the main effect. Culture well (n = 9 per treatment,
assay, and time point) served as the experimental unit. The PDIFF
option in SAS was used to perform all possible pairwise least square
mean comparisons at p < 0.05. The Satterthwaite adjustment was used to
correct the degrees of freedom. Proportional data were analyzed using
the events/experiments syntax with a binomial distribution, and both
continuous and proportional data were analyzed using an R-side
covariance structure. Significant differences were declared when p <
0.05 and tendencies when 0.0501 < p < 0.10.

3 Results
3.1 Proliferation

Heterogeneity of Pax7+:MyoD-, Pax7-:MyoD+, and Pax7+:MyoD+
SC populations after 48, 72, and 96 h in culture are reported in Table 1.
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TABLE 1 Effect of culture temperature on myogenic regulatory factor heterogeneity during proliferation of primary broiler chicken pectoralis major satellite cells.

Time post-plating, h

Cell population’
48

SEM?  p-value

Temperature,
°’C

38 41 38

Density, cells per mm?

Temperature,
‘C (@

72 96

SEM p-value  Temperature, SEM

41 38 41

Pax7+:MvoD- 4 3 0 0.4818 11 12 1 0.3063 23 14 2 0.0008
Pax7-:MyoD+ 25° 37° 3 0.0078 77° 114* 11 0.0204 99° 152 12 0.0029
Pax7+:MyoD+ 770 530 5 0.0006 115 108 11 0.6747 184° 17 15 0.0016
MRE+ 106 93 7 0.2119 202 235 22 0.3117 307 284 26 0.5292
Total nuclei 121 108 8 0.2602 221 264 24 0.2041 356 378 30 0.6003
Relative density, % of total nuclei

Pax7+:MvoD- 2.99 2.95 0.35 0.9387 4.86 471 0.37 0.7533 6.60° 3.81° 0.27 <0.0001
Pax7-:MyoD+ 21.04° 3425 1.35 <0.000 34.66°  43.23° 1.40 <0.0001 27.89° | 40.24° 1.52 <0.0001
Pax7+:MyoD+ 64.03' | 49.47° 1.40 <0.000 51.89°  40.96" 1.32 <0.0001 51.83* | 31.08° 1.68 <0.0001
MRF+ 87.96 86.57 0.92 0.2656 91.47°  88.88" 0.83 0.0304 86.3 75.12° 1.68 <0.0001

!Total nuclei describes every nuclei expressing the 4',6-diamidino-2-phenylindole counterstain regardless of the status of other target proteins; MRF+ describes a combination of cells positive

for Pax7, MyoD, or both Pax7 and MyoD.
2SEM = highest standard error of the pairwise mean comparisons.
*’Means within the same row with different superscripts differ p < 0.05.

The density of total nuclei in the cultures was similar among
temperatures at every time point (p > 0.2041; Table 1). After 48 h in
culture, 41°C conditions increased the density of Pax7-:MyoD+ (p =
0.0078; Table 1) and reduced the density of Pax7+:MyoD+ populations
per mm’ (p = 0.0006; Table 1), which was reflected in the proportional
data. After 72 h, only the density of the Pax7-:MyoD+ population was
increased in wells cultured at 41°C per mm? (p = 0.0204; Table 1), and the
relative densities of Pax7-:MyoD+, Pax7+:MyoD+, and MRF +
populations were altered by temperature (p < 0.0304; Table 1). The
heterogeneity of proliferative SC populations was the most impacted by
temperature after 96 h, where increasing to physiological temperature
reduced the density of Pax7+:MyoD- and Pax7+:MyoD+ cells (p <
0.0016; Table 1) and increased the density of Pax7-:MyoD+ cells by
approximately 150% (p < 0.0001; Table 1). Diminished Pax7+
expression at 41°C after 96h is shown in Figure 1. At 96h, the
relative densities as a proportion of the total nuclei of all populations
quantified were altered by temperature (p < 0.0001; Table 1). The MRF
heterogeneity of SC populations was altered over time in culture
(Figure 2). Across all time points, the density of MRF+ nuclei as well
as total nuclei was similar across treatments (p > 0.5292; Table 1). Finally,
the doubling time of all populations measured was not impacted by
culture temperature (p > 0.1148; Table 2).

3.2 Apoptosis

Cell apoptosis was measured during proliferation time points
(48, 72, and 96 h post-plating) using a TUNEL assay to detect the
presence of double-stranded DNA breaks that are characteristic of
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cells undergoing apoptosis. The results of this assay are shown in
Table 3. Representative images showing a TUNEL-positive cell
accompanied by images of positive control cells treated with
DNase I are shown in Figure 3. The number of apoptotic cells
per mm” increased when cultured at 41°C after 48 and 96 h in culture
compared with 38°C (p < 0.0491; Table 3). In addition, 41°C
incubation consistently increased the relative density of apoptotic
cells (p < 0.0302; Table 3) and diminished the relative density of
normal cells (p < 0.0273; Table 3) as a proportion of total nuclei at
48, 72, and 96 h post-plating. Regardless of treatment, apoptosis
numerically reduced over time in culture from 48 to 96 h.

3.3 Differentiation

SC differentiation was measured by visualizing MHC expression
to determine the formation of myotubes in culture. DAPI+ nuclei
that were inside the MHC boundaries were considered internal or
fused cells, and those that were not overlapping with MHC were
considered external or unfused cells. The expression of Pax7 was also
determined. The percentage of fused myonuclei was greater in
primary cultures grown at 38°C (p < 0.0001; Table 4).
Interestingly, when internal nuclei were expressed on a mm?®
basis, the density of fused nuclei was similar among treatments
(p =0.7551; Figure 4). The difference in fusion percentage appears to
originate from a greater density of external nuclei at 41°C (p <
0.0001; Table 4), which was more than double the external nuclei
present in cultures at 38°C. The density and proportion of Pax7+ SC
populations were increased at 38°C (p < 0.0001; Table 4). The width
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Standard temperature (38 °C)

B Peripheral muscle temperature (41 °C)

FIGURE 1

Effect of culture temperature on myogenic regulatory factor expression in primary broiler chicken pectoralis major satellite cell cultures after 96 h
Representative inverted fluorescence images of 4',6-diamidino-2-phenylindole-stained nuclei (blue; left) and Pax7 (green; center) and MyoD (red; right)
protein expression in cultures grown at 38°C (A) or 41°C (B)
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FIGURE 2

Effect of culture temperature on primary broiler chicken pectoralis major satellite cell myogenic regulatory factor heterogeneity over time. n =

9 wells per treatment of either 38 or 41°C incubation were immunofluorescence-stained to detect Pax7 and MyoD expression at 48, 72, and 96 h post-
plating. Populations are presented as a percentage of total nuclei. Total nuclei describes every nucleus expressing the 4’,6-diamidino-2-phenylindole
counterstain regardless of the status of other target proteins. Error bars represent the highest standard error of the pairwise mean comparison. Least
square means accompanied by a * signify that the proportion of Pax7+:MyoD+ cells differs (p < 0.05) between 38°C and 41°C, # signify that the proportion
of Pax7-:MyoD+ cells differs (p < 0.05) between 38°C and 41°C, and $ signify that the proportion of Pax7+:MyoD- cells differs (p < 0.05) between 38°C
and 41°C
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TABLE 2 Effect of culture temperature on population doubling time from 48 to
96 h post-plating of primary broiler chicken pectoralis major satellite cells.

SEM! p-value

Temperature, °C

Cell population

38 41

Population doubling time, h

Pax7+:MyoD- 24.28 31.08 31.08 0.5284
Pax7-:-MyoD+ 29.97 23.69 4.58 0.3466
Pax7+:MyoD+ 45.16 58.46 7.30 0.2156
MRF+ 34.00 31.98 2.25 0.5347
Total nuclei 32.17 28.09 1.73 0.1148

!'SEM = highest standard error of the pairwise mean comparisons.

of all myotubes was measured at the widest section of each myotube,
and every new branch was considered its own myotube.
Representative IF images of myotubes can be visualized in
Figure 5. While the number of myotubes per mm® was similar
(p = 0.6111; Table 4), 41°C conditions tended to result in thinner
myotubes (p = 0.0736; Table 4) that covered less total area of the
culture well (p = 0.0806; Table 4). Myotubes appeared to be more
consistent in width when cultured at 41°C and had a lower standard
deviation (p = 0.0174; Table 4), but differences in the coefficient of
variation among widths were not detected (p = 0.5248; Table 4).

4 Discussion

Alterations to the MRF heterogeneity of SC populations at 48, 72,
and 96 h post-plating indicate an overall shift in proliferative myogenic
cell activity as culture temperature changes. While the MRF Pax7 and
MyoD are both generally considered to be expressed during myoblast
proliferation (Cornelison and Wold, 1997; Bentzinger et al, 2012),

10.3389/fphys.2023.1288809

Pax7 expression is associated with primitive SC populations during
early activation (Seale et al., 2000). MyoD expression is upregulated as
the cell progresses toward commitment to the myogenic fate (Berkes and
Tapscott, 2005) and appears to be required for differentiation, serving as
the molecular switch from proliferation to differentiation (Cornelison
etal, 2000). Based on the increased presence of Pax7+:MyoD- cells when
culturing at 38°C during both proliferation and differentiation assays,
this temperature may better retain a robust Pax7+:MyoD population or a
population of SC either in the early stages of myogenesis or undergoing
self-renewal. Based on the results of the differentiation assay, the
observed increase in Pax7 expression at 38°C continued to 168 h
post-plating. Culturing at 41°C advanced cells through the myogenic
program faster as the presence of cells expressing MyoD was enhanced at
that temperature (Figure 2). These data suggest that culturing primary
broiler SC at physiological muscle temperature promoted a more rapid
progression toward myogenic differentiation. However, in disagreement
with the original hypothesis, total cell proliferation did not appear to be
impacted by these culture temperatures as the densities of total nuclei
and nuclei expressing one or more MRF remained similar over time.
This was also reflected by similarities in the doubling time of all
populations measured among temperatures between 48 and 96 h. It
should be noted that proliferative capability was not altered during the
proliferation time points between 48 and 96’h, but total nuclei was
distinctly increased at 168 h post-plating at 41°C. This could mean
proliferation was impacted by temperature but occurring later than
expected, thus warranting further analysis in the future. Hayashi and
Yonekura (2019) reported an increase in the differentiation of
C2C12 mouse myoblasts with a 2°C increase in culture temperature
above physiological temperature with thermal stimulation at later time
points compared with higher temperature during the first few days of
culture only. This suggests a temporal component to the impact of
temperature on myogenic cells and may help explain the increase in
nuclei in cultures that occurred between 96 and 168 h observed here.

Given that the peripheral muscle temperature of the PM harvested
for the primary cultures utilized in this experiment was 41°C, it was

TABLE 3 Effect of culture temperature on apoptosis during proliferation of primary broiler chicken pectoralis major satellite cells.

Cell population’
48

SEM?  p-value

Temperature,
°’C

38 41 38

Density, cells per mm?

Temperature,
°’C (@

Time post-plating, h

72

SEM p-value  Temperature,

41 38 41

Normal 97 92 8 0.6431 248 226 18 0.3804 368 342 29 0.5401
Apoptotic 7° 10° 1 0.0491 11 13 1 0.1713 10° 13° 1 0.0255
Relative density, % of total nuclei

Normal 9323 90.60° 0.69 0.0045 95.92° | 94.64° 0.45 0.0302 9745 96.27° 0.30 0.0030
Apoptotic 6.79° 9.36 0.68 0.0051 4.08° 5.39° 0.45 0.0273 2.54° 3.76 0.31 0.0026

"Total nuclei describes every nuclei expressing the 4',6-diamidino-2-phenylindole counterstain regardless of the cell status; normal describes nuclei not indicating double-stranded DNA breaks;

apoptotic describes nuclei that were fluorescent under the TUNEL assay to denote apoptosis.
2SEM = highest standard error of the pairwise mean comparisons.
**Means within the same row with different superscripts differ p < 0.05.
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FIGURE 3

10.3389/fphys.2023.1288809

Representative inverted fluorescence images showing a TUNEL-positive nuclei indicated with an arrow among normal nuclei (A) in primary broiler
pectoralis major satellite cell cultures with a corresponding positive control image (B) after DNase | treatment. Images show 4',6-diamidino-2-
phenylindole-stained nuclei (blue; left), TUNEL assay (green; center), and merged channels (right).

hypothesized that culturing the cells at 41°C would better support
proliferation and differentiation than the standard 38°C culture
temperature since the increased temperature better replicates
physiological conditions. This hypothesis was formulated based on
observations by Harding et al. (2016) who reported increased DNA and
creatine kinase content in broiler SC cultured at 43°C compared with a
38°C control temperature, indicating that increasing culture
temperature improves cell proliferation and differentiation. These
results were mirrored by a similar study with SC isolated from
turkey PM that found that increasing culture temperature from 38°C
to 41°C increased DNA content as well as resulted in the formation of
wider myotubes (Clark et al., 2016). Furthermore, Xu et al. (2021) also
reported increased proliferation and differentiation of turkey SC, but
they also highlighted elevated gene expression of MyoD with increased
culture temperature, which was consistent with observations from the
present study. Researchers have previously attempted to relate the
impact of elevated culture temperature on broiler SC to the impact
of heat stress on muscle growth in the bird, yet the culture conditions
they consider to be thermal stress may be better replicating the normal,
physiological SC environment.

The results obtained from the present experiment appear to
contradict the past literature as well as lead to a partial rejection
of the original hypothesis as total cell proliferation was not

Frontiers in Physiology

impacted by temperature between the typical proliferation time
points of 48 and 96 h post-plating, but MRF expression and
fusion percentage were altered. One potential reason for the
discrepancy between the results of this experiment and those
reported previously may be the genetic difference between the
cells from donor birds in the previous studies compared with
cells from modern broilers presented here. Given that cells used
for previously mentioned experiments originated from broilers
and turkeys over two decades ago (McFarland et al., 1997;
Velleman et al, 2000), it is possible that the rigorous
selection pressure on increasing PM yield has altered the SC
populations in modern broilers and turkeys since then. It has
been demonstrated that the heat production of broilers has
changed over time, as demonstrated by increasing heat
production in modern ad libitum-fed broiler breeder hens
compared with earlier genetic lines (Carney et al., 2022), and
this may contribute to SC populations in modern broilers
responding differently to temperature than their predecessor
strains as the cellular environment and metabolism of the
muscle evolve. The previous in vitro work was also conducted
using SC after multiple passages, which would result in a highly
selected population of SC that are less representative of the
resident SC population in vivo. In addition, donor bird age may
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TABLE 4 Effect of culture temperature on myonuclear fusion and myotube characteristics of primary broiler chicken pectoralis major satellite cells after 168 h in

culture.
Variable' Temperature, °C
38 41
Nuclei per mm?* 1272° 2017* 153 0.0009
Internal per mm?® 819 860 94 0.7551
External per mm* 453° 1156* 91 <0.0001
Pax7+ per mm* 398° 144° 33 <0.0001
Pax7+, % of total nuclei 31.32% 7.15° 1.89 <0.0001
Fusion, % of total nuclei 64.37° 42.66 2.72 <0.0001
Number of myotubes per mm* 64 67 3 0.6111
Average myotube width, um 32% 247 3 0.0736
Myotube width standard deviation, um 32* 18" 4 0.0174
Myotube width coefficient of variation, % 75.09 72.27 331 0.5248
Myotube area, % 41.59* 33.58” 3.22 0.0806

"Total nuclei describes every nucleus expressing the 4',6-diamidino-2-phenylindole counterstain regardless of the status of other target proteins; internal nuclei were located within an area
expressing the myosin heavy chain (MHC) protein; external nuclei did not overlap with MHC expression; myotube width was measured at the widest section of every new myotube branch as

denoted by MHC expression; myotube area denotes the proportion of the culture well expressing MHC.

*SEM = highest standard error of the pairwise mean comparisons.
*"Means within the same row with different superscripts differ p < 0.05.

*Means within the same row with different superscripts describe a tendency 0.10 > p < 0.05.

P-value = 0.0009

2500 , SEM=153 W3SEC
o41°C
2000
"E P-value < 0.0001
g 1500 P-value = 0.7551 SEM=AL
= SEM = 94
S 1000 P-value <0.0001
z SEM =33
500
0
Total Internal External Pax7+
Cell population

FIGURE 4

Effect of culture temperature on the density of nuclei relative to
myotubes in primary broiler chicken pectoralis major satellite cell
cultures after 168 h. n = 9 wells per treatment of either 38°C or 41°C
incubation were immunofluorescence-stained to detect

Pax7 and myosin heavy chain (MHC) expression. Total nuclei describes
every nucleus expressing the 4',6-diamidino-2-phenylindole
counterstain regardless of the status of other target proteins; internal
nuclei were located within an area expressing MHC protein; external
nuclei did not overlap with MHC expression. Error bars represent the
highest standard error of the pairwise mean comparison. *°Bars with
different superscripts within a cell population differ p < 0.05.

also impact how cells respond to temperature and aid in
explaining the inconsistency in findings. Sarais et al. (2023)
reported that the gene expression of SC from younger pigs with
an undeveloped thermoregulation capacity responded to heat
and cold stress in vitro differently than their older, developed
counterparts. Therefore, the age of donor broilers and their
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capability to thermoregulate may also impact how SC
function when cultured in different temperature environments.
Apoptosis was also evaluated at these time points and appeared to
increase in cells cultured at a higher temperature. These results are in
agreement with previous literature that found increased markers of
apoptosis in cultured chicken SC at 41°C compared with 37°C (Siddiqui
et al,, 2020b) and at 43°C compared with 38°C (Harding et al.,, 2015).
However, the proportion of apoptotic cells observed was overall higher
than expected, which may be attributed to the use of freshly isolated
(ie, non-passaged) primary cultures that underwent minimal
purification or selection apart from density gradient centrifugation.
The TUNEL assay in the present study was conducted on parallel plates
separate from MRF evaluation, so it was unfortunately impossible to
determine whether apoptotic cells were also expressing myogenic
markers and the exact cell populations more affected by apoptosis
in the primary culture may be different than the proliferative SC
populations of interest. The increase in apoptosis observed during
proliferation time points was likely not detrimental for primary
broiler SC at 41°C as total cells per mm* were increased by 168 h
post-plating in cultures grown at a higher temperature. Analysis of cell
death during differentiation time points at these culture temperatures
should be conducted to aid in understanding this observation.
Observing a similar density of fused cells across temperature
treatments indicates a similar SC fusion capacity (Figure 4). The
substantial difference in the densities of unfused cells raises
questions about the identity of external cell populations. Culturing at
41°C may increase the proliferation of alternative cell populations
without impacting the extent of SC fusion. It is impossible to
determine whether all external cells were myogenic in nature as only
the expression of Pax7 was assessed, and evaluating a more complete
MRF panel would be needed. However, the relative density of cells
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A Standard temperature (38 °C)

FIGURE 5

B

10.3389/fphys.2023.1288809

Peripheral muscle temperature (41 °C)

Effect of culture temperature on myotube formation in primary broiler chicken pectoralis major satellite cell cultures after 168 h. Representative
inverted fluorescence images at x200 magnification of myosin heavy chain-defined myotubes (red) and 4',6-diamidino-2-phenylindole-stained nuclei
(blue) in cultures grown at 38°C (A) or 41°C (B). The scale bar depicts 100 pm.

expressing Pax7 was diminished at 41°C, indicating a reduction in
primitive SC populations. It is possible that the unfused cell populations
were myogenic in nature and capable of proliferation, but the increased
temperature had prevented myotube fusion. It is also possible that these
cells were non-myogenic populations like fibro/adipogenic progenitors,
as primary muscle cultures likely contain non-myogenic progenitor
populations. This is supported by a previous study comparing
37°C-41°C culture temperature on broiler fibroblasts that observed
greater fibroblast proliferation at 41°C based on cell cycle analysis
(Siddiqui et al., 2020a) and observations of improved chicken fibroblast
in vitro adherence at 41°C (Kim et al., 2022). The external cells in the
present study may have also been adipogenic in nature, as Harding et al.
(2015) observed increased expression of adipogenic genes in broiler SC
cultures grown at higher temperatures. This may be further supported
by observations of diminished myofiber diameter and increased lipid
content in cultured SC isolated from young broilers reared under
continuous heat stress conditions compared with commercial
conditions (Piestun et al, 2017). Further investigation is needed to
characterize the identity and lineage of all progenitor cell types present
in primary broiler PM cultures in response to altering temperatures.
Visually, myotubes cultured at physiological muscle
temperature were formed and arranged differently than those at
the standard lower temperature. The representative images in
Figure 5 display a more regular alignment of thinner myotubes
at 41°C, while those at the standard lower temperature appeared to
be thicker and more variable. This was confirmed by quantifying
myotube width and area. Myotubes at 41°C tended to be thinner and
more consistent in shape and size than those cultured at 38°C. The
lower culture temperature appeared to produce thicker myotubes
that take up more total area of the culture well. The appearance of
larger myotubes may explain the use of a temperature that is lower

than the physiological culture temperature in previous literature, as
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thicker myotubes may be perceived as more desirable for in vitro
experiments. With the retention of a robust Pax7+:MyoD-
population and genesis of thicker myotubes promoting the fusion
of a greater proportion of cells present, SC cultured at a lower
temperature appeared to retain a more primitive status for longer,
thus better replicating embryonic myogenesis (Sieiro-Mosti et al.,
2014) despite being isolated from post-hatch broilers. The industry
standard temperature for broiler egg incubation is typically 37.5°C.
This has been shown to result in eggshell temperatures between 38°C
and 39°C that were strongly correlated with embryo temperatures
during later stages of incubation (Agyekum et al., 2022) and embryo
temperatures between 37.5°C and 38°C during earlier stages (Tejeda
et al., 2021). It has been previously established that the proliferation
capacity of SC is greater in younger animals (Schultz and Lipton,
1982), and these results may reveal that placing SC from mature
muscle into an embryonic-simulating environment enhanced the
population of cells expressing transcription factors indicative of
early proliferation. Moreover, these in vitro observations may serve
to highlight and explain changes in broiler muscle growth following
thermal manipulations during embryogenesis.

The results of embryonic thermal manipulation on post-hatch
broiler performance are not consistent in the current literature.
During the early stages of embryogenesis, increasing incubation
temperature above the industry standard did not alter broiler body
weight and breast yield in one study (Wall et al., 2022) but increased
body weight and breast yield of similarly aged broilers in another
(Janisch et al., 2015). While increasing temperature during incubation
during late-stage development has been found to reduce broiler body
weight (Piestun et al., 2008; Piestun et al., 2015), increased temperature
on embryonic days 16-18 has also been observed to improve the
reservoir of myogenic cells, increasing Pax7 expression and PM yield
(Piestun et al., 2009). A high eggshell temperature during development
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has also been found to improve breast meat yield without impacting the
overall growth performance (Molenaar et al., 2011). These data support
the theory that pre-hatch thermal manipulation can alter muscle growth
as increased temperature in vitro impacted broiler SC heterogeneity and
myotube characteristics. The tendency for a reduction in myotube
width with a similar density of fused nuclei when culturing at a higher
temperature (Table 4; Figure 4) suggests that temperature may impact
the density of myonuclei per fiber. When applied in vivo, these potential
changes could lead to long-term alterations in mature muscle
hypertrophy. Previously, thermal manipulation during critical points
in myogenesis was found to increase the total muscle fiber number in
turkeys (Maltby et al., 2004), and increasing temperature of cultured
bovine SC altered myosin heavy chain isoform expression, implying
that temperature may also alter the fiber type during development (Kim
and Kim, 2023). Differences in myotube width observed in the present
study may help understand how increased temperature during
embryonic myogenesis changes SC differentiation patterns that
could lead to increased fiber number. Further investigation to
elucidate the mechanisms through which temperature impacts
broiler PM SC function is warranted.

In conclusion, incubation of primary broiler chicken PM SC at 38°C
and 41°C impacted MRF heterogeneity and myotube formation.
Previous literature evaluating the impact of culturing broiler SC at
temperatures above 38°C referred to elevated temperatures as thermal
stress conditions and attempted to relate this to potential impacts of heat
stress in post-hatch broiler muscle (Harding et al., 2015; Harding et al.,
2016; Siddiqui et al., 2020b). However, a culture temperature closer to
41°C may better replicate the physiological environment of broiler SC,
which stresses the importance of avoiding misrepresentations of in vitro
experimental results when applying conclusions back to in vivo
myogenesis. Furthermore, the observed shift in SC heterogeneity and
changes in myotube characteristics may help understand the mechanism
through which thermal manipulation during embryonic myogenesis can
influence broiler muscle yield.
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