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Introduction

A rise in circulating catecholamine (CA) levels is a crucial 
step triggered by the organism to cope with a stressful situ-
ation. By releasing both epinephrine (E) and norepinephrine 
(NE), the adrenal medullary tissue crucially contributes to 
this response. Beyond the beneficial effect of CA secre-
tion elicited by an acute stress, sustained and/or repetitive 
CA secretion episodes (in response to chronic stressful 
situations for example) can have deleterious outcomes [1], 
as unveiled by the elevated blood pressure observed in 
response to chronic infusion of E in rat [2, 3] or in chroni-
cally cold stressed rats [4]. It has long been reported that 
increased blood pressure is associated with a sympathetic 
nervous system hyperactivity leading to a raised neural 
tone [5, 6] and increased plasma E and NE [7]. The adre-
nal medulla being the unique source of circulating E, this 
assigns the secretory function of the medulla and more 
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Abstract
Chronic elevated blood pressure impinges on the functioning of multiple organs and therefore harms body homeostasis. 
Elucidating the protective mechanisms whereby the organism copes with sustained or repetitive blood pressure rises is 
therefore a topical challenge. Here we address this issue in the adrenal medulla, the master neuroendocrine tissue involved 
in the secretion of catecholamines, influential hormones in blood pressure regulation. Combining electrophysiological 
techniques with catecholamine secretion assays on acute adrenal slices from spontaneously hypertensive rats, we show 
that chromaffin cell stimulus-secretion coupling is remodeled, resulting in a less efficient secretory function primarily 
upon sustained cholinergic challenges. The remodeling is supported by revamped both cellular and tissular mechanisms. 
This first includes a decrease in chromaffin cell excitability in response to sustained electrical stimulation. This hallmark 
was observed both experimentally and in a computational chromaffin cell model, and occurs with concomitant changes in 
voltage-gated ion channel expression. The cholinergic transmission at the splanchnic nerve-chromaffin cell synapses and 
the gap junctional communication between chromaffin cells are also weakened. As such, by disabling its competence to 
release catecholamines in response sustained stimulations, the hypertensive medulla has elaborated an adaptive shielding 
mechanism against damaging effects of redundant elevated catecholamine secretion and associated blood pressure.

Keywords  Chromaffin cell excitability · Cholinergic synaptic transmission · Gap junctional coupling · Acute adrenal 
slices · Catecholamine assays · Hypertensive rats · Voltage-gated ion channels · Nicotinic receptors
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generally the sympatho-adrenal axis as critical determi-
nants of arterial hypertension pathogenesis [8–10]. Recip-
rocally, although it is indisputable that the adrenal medulla 
primarily contributes to enhance blood pressure, how the 
adrenal secretory function copes with a chronic hyperten-
sive environment remains elusive. Based on the notion of 
homeostasis, the basis of survival for any living organism, 
it is reasonable to propose that compensatory mechanisms 
occur to protect the organism against the deleterious effects 
of a chronic increase in blood CA levels, thus positioning 
these mechanisms as a consequence of hypertension rather 
than a cause. We addressed this issue in an animal model 
of chronic hypertension, the spontaneously hypertensive rat. 
In this model, the circulating E levels gradually increase as 
arterial hypertension develops and then stabilize in adults 
to become comparable to those in age-matched normoten-
sive rats [11]. Consistent with our working hypothesis, this 
suggests that the adrenal gland develops protective and/or 
compensatory mechanisms dedicated to normalize blood 
CA levels. To date nothing is known on the adaptive mecha-
nisms elaborated by the neuroendocrine chromaffin cells to 
adjust the release of CA.

Adrenal CA secretion and more generally the adreno-
medullary tissue function are controlled by the coordination 
of interconnected and complex pathways [12]. The initial 
incoming command comes from the sympathetic nervous 
system that releases mainly acetylcholine (ACh) but also 
neuropeptides (PACAP, VIP...) at splanchnic nerve termi-
nals synapsing onto chromaffin cells [13, 14]. The resulting 
ACh-evoked chromaffin cell depolarization and subsequent 
cytosolic Ca2+ rise are key processes for CA exocytosis. In 
addition and unraveled from studies in both acute adrenal 
slices and in vivo in anaesthetized rodents, the local com-
munication mediated by gap junctions between chromaf-
fin cells represents a functional route by which biological 
signals propagate between adjacent cells and subsequently 
contribute to CA release [15–20].

To elucidate the feedback mechanisms elaborated by 
the adrenal medullary tissue to manage a chronic sustained 
elevated blood pressure, we investigated chromaffin cell 
stimulus-secretion coupling in acute adrenal slices of adult 
spontaneously hypertensive rats (SHRs) and their parent 
age-matched normotensive Wistar Kyoto (WKY) rats. By 
driving numerous cellular/tissular processes, chromaffin cell 
excitability is a major player in stimulus-secretion coupling. 
It relies on intricate mechanisms, not only supported by ion 
channels expressed at the plasma membrane, but also by 
the crosstalk between cholinergic and peptidergic innerva-
tion [21] and the gap junctional electrical coupling between 
chromaffin cells [17, 19, 20]. We identified relevant modi-
fications in chromaffin cell excitability through changes in 
voltage-gated ion channel expression, cholinergic synaptic 

neurotransmission and gap junctional communication, that 
argue for a less efficient stimulus-secretion coupling in 
hypertensive animals, markedly observed upon robust chal-
lenges. We propose that this functional plasticity reflects 
an adaptive shielding mechanism, avoiding the detrimental 
effects of sustained or repetitive huge CA secretion epi-
sodes. More generally, this study describes novel adaptive 
mechanisms that take place in the medullary tissue and how 
they act in a coordinated manner to dampen CA release.

Materials and methods

Ethical approval and animals: Animals were housed in 
groups of 3–4 par cages (standard sizes according to the 
European animal welfare guidelines 2010/63/EU) and 
maintained in a 12 h light/dark cycle, in stable conditions 
of temperature (22 °C) and humidity (60%). Food and water 
were provided ad libitum. All procedures in this study also 
conformed to the animal welfare guidelines of the European 
Community and were approved by the French Agriculture 
and Forestry Ministry (authorization numbers/licences 
49-2011-18, 49–247, A49007002 and D44015) and by the 
regional ethic committee (authorization CEEA.2011.12 and 
APAFIS#2017072117413637).

Data were collected from 16- to 20-week-old spontane-
ously hypertensive male rats (SHRs) and from their control 
age-matched normotensive male Wistar-Kyoto (WKY) rats 
(SHR/KyoRj and WKY/KyoRj, Janvier Labs, Le Genest-
St-Isle, France). At this age, SHRs exhibited an established 
increase in arterial blood pressure compared to WKY rats 
[22]. To control the hypertensive/normotensive state of the 
animals, systolic and diastolic blood pressures (SBP and 
DBP, respectively) were measured by tail-cuff plethysmog-
raphy in awake SHRs and WKY rats. Heart rhythm was 
also monitored. For 3 weeks prior to data collection, the rats 
were trained to measure blood pressure (one session every 
3–4 days, each session consisting of 10 successive measure-
ments at 2-min intervals). The measurements taken into 
account were those collected on the last day of habituation, 
and an average value of the 10 measurements was calculated 
for each rat. As expected, systolic blood pressure was sig-
nificantly higher in SHR (200.7 ± 31.7 mmHg, n = 11 versus 
163.5 ± 22.4 mmHg, n = 11 in WKY rats, p = 0.0031, one-
tail Mann-Whitney test). Diastolic pressure was also higher 
in SHRs (145.2 ± 41.9 mmHg, n = 11 versus 111.5 ± 41.4 
mmHg, n = 11 in WKY rats, p = 0.0314, one-tail Mann-
Whitney test). For each animal, mean arterial pressure 
(MAP) was calculated from systolic and diastolic pressure 
values, using Gauer’s formula, as follows MAP = DBP + 
[(SBP – DBP)/3]) [23, 24]. SHRs exhibited a significant 
increase in MAP compared to WKY rats (163.6 ± 37.0 
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mmHg, n = 11 versus 128.9 ± 33.9 mmHg, n = 11, respec-
tively, p = 0.0168, one-tail Mann-Whitney test). Heart rate is 
also increased in SHRs (378.4 ± 21.6 beats/min, n = 11 ver-
sus 321.3 ± 41.0 beats/min, n = 11 in WKY rats, p = 0.0017, 
Mann-Whitney test). The body weight did not significantly 
differ between SHRs (401.4 ± 33.3 g, n = 38) and WKY rats 
(417.2 ± 43.6  g, n = 47, p = 0.0689, unpaired t test, Figure 
S1A). As a consequence of the arterial hypertension, the 
heart weight was statistically higher in SHRs (1.51 ± 0.23 g, 
n = 38 versus 1.22 ± 0.10 g, n = 47 in WKY rats, p < 0.0001, 
unpaired t test, Figure S1B). Accordingly, the heart/body 
weight ratio (x100) was also significantly higher in SHRs 
(0.38 ± 0.06, n = 38 versus 0.29 ± 0.02, n = 47 in WKY rats, 
p < 0.0001, unpaired t test, Figure S1C).

Adrenal slice preparation

Acute slices from SHRs and WKY rats were prepared as 
described [15, 25]. Briefly, after removal, the adrenal glands 
were kept in ice-cold saline for 2 min. Before slicing, a gland 
was desheathed of the surrounding fat tissue and was next 
glued onto an agarose cube and transferred to the stage of a 
vibratome (HM 650 V vibrating blade microtome, Microm 
Microtech, Francheville, France). Slices (200 μm thickness 
for the electrophysiological recordings and 150 μm thick-
ness for CA secretion assay) were cut with a razor blade 
and transferred to a storage chamber maintained at 37 °C, 
containing Ringer’s saline (in mM): 130 NaCl, 2.5 KCl, 2 
CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, 12 glucose 
and buffered to pH 7.4. The saline was continuously bub-
bled with carbogen (95% O2/5% CO2).

Electrophysiology

All electrophysiological recordings were performed in 
acute slices. Adrenal slices were transferred to a record-
ing chamber attached to the stage of a real-time confocal 
laser scanning microscope (LSM 5Live, Zeiss) equipped 
with an upright microscope (Axio Examiner, Zeiss, Le 
Pecq, France) and continuously superfused with Ringer’s 
saline at 34 °C. All experiments were performed using the 
patch-clamp technique and electrophysiological signals 
were acquired using an EPC-10 USB Quadro patch-clamp 
amplifier (HEKA Electronik, Lambrecht/Pfalz, Germany) 
and PATCHMASTER software. Signals were sampled at 
10 kHz and analyzed with FITMASTER (HEKA Electronik, 
Germany) and Igor Pro 7 (version 7.02, WaveMetrics Inc., 
Lake Oswego, OR). Ag/AgCl pellet was used as a reference 
ground electrode. For whole-cell recordings, pipettes were 
pulled from borosilicate glass and filled with the following 
internal solution (in mM): 140 potassium (K)-gluconate, 5 
KCl, 2 MgCl2, 1.1 EGTA, 5 Hepes, 4 MgATP, 0.3 NaGTP 

and titrated to pH 7.2 with KOH. Osmolarity was adjusted 
at 295 mOsm with K-gluconate and pipette resistance was 
5-8MΩ. Voltage was corrected for the junction potential 
of about 13 mV. Pipette and cell capacitances were fully 
compensated and the series resistance was compensated at 
75–80%. Membrane potential was recorded in the current-
clamp mode and filtered at 3 kHz. The AP properties were 
examined by injecting current pulses of 500 ms duration 
from − 50 to + 60 pA at 1 Hz. The analysis of evoked APs 
was done using Mini Analysis software (Synaptosoft Inc. 
Fort Lee, NJ, USA).

For extracellular recordings of spontaneous AP cur-
rents in the loose-patch configuration, pipettes were 
pulled to a resistance of 5–10 MΩ when filled with the 
following saline (in mM): 130 NaCl, 2.5 KCl, 2 CaCl2, 
1 MgCl2, 10 HEPES, 10 glucose and buffered to pH 7.4 
with NaOH. Osmolarity was adjusted at 295 mOsm with 
NaCl. The liquid junction potential was approximately 
0 mV. Once the tip of the pipette was positioned at the 
surface of a chromaffin cell, a minimal suction pressure 
was applied (seal resistance < 500 MΩ) and the electri-
cal activity was recorded in the voltage-clamp mode (0 
mV) of the loose cell-attached configuration [26]. This 
method allows investigation of membrane excitability 
under physiological conditions and stable recordings of 
firing rate can therefore be obtained [27, 28]. APs were 
detected by a threshold method based on calculation of 
the median absolute deviation (MAD) [29], by using Igor 
Pro 7 software (version 7.02). This method provides an 
unbiased estimate of the standard deviation (SD) of back-
ground noise. Briefly, the absolute value of the deviation 
from the mean of the potential values is calculated and 
the median of this deviation (MAD) is determined. MAD 
divided by the 75th percentile of the standard normal 
distribution equals the SD of the background noise. By 
applying a coefficient of 4 to the SD value, we can reli-
ably and reproducibly separate APs from background 
noise. The analysis of the discharge pattern was per-
formed on the spontaneous electrical activity of cells 
recorded in either whole-cell or loose patch configura-
tion. To discriminate between a regular and a bursting 
pattern, the regularity of the firing discharge was inves-
tigated by calculating the coefficient of variation (CV) 
of inter-spike interval (ISI) distribution. A regular firing 
mode is associated with a CV < 1 and a bursting mode 
with a CV > 1, as described [30]. Regarding the extracel-
lular experiments with PACAP, after a 2–5  min resting 
period, we initiated recordings for 5  min (control con-
dition). Using a Pressurized Drug Applicator (NPI elec-
tronic, Bauhofring, Germany) attached to a glass pipette, 
PACAP was then puffed near the recorded cell for 5 min 
(PACAP condition). The results were represented as a 
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laser 488  nm (100 mW). The extent of LY diffusion was 
estimated by counting the number of neighboring cells that 
received dye in 15 min.

Quantification of mRNA expression levels by real-
time PCR

Total RNA was extracted from macrodissected adrenal 
medulla using the RNeasy® Micro extraction kit (Qiagen, 
Courtaboeuf, France), as previously described [18]. RNA 
(500 ng) was first reverse transcribed using the QuantiTect® 
Reverse Transcription kit (Qiagen) in a final volume of 10 µl. 
Real-time PCR analyses of the target genes and the reference 
genes Gusb, Hprt and Gapdh were performed using Sybr® 
Green PCR master mix (Applied Biosystems, Foster City, 
CA) with 1:100 of the reverse-transcription reaction, and 
were carried out on an ABI 7500 SDS Real-Time PCR sys-
tem (Applied Biosystems). After an initial denaturation step 
for 10 min at 95 °C, the thermal cycling conditions were 40 
cycles at 95 °C for 15 s and 60 °C for 1 min. Specificity of 
amplification was checked by melting curve analysis. Each 
sample value was determined from duplicate measurements. 
Expression of the target transcripts was normalized to the 
mean of the expression level of the three reference genes 
according to the formula E = 2−(Ctmean[Target]−Ctmean[Reference]), 
where Ctmean is the mean threshold cycle. The fold differ-
ence values were determined according to Livak’s method 
[37]. Primer sequences of target genes are given in Table S3 
and the concentration used was 300 nM for all genes.

Determination of Cx43 and ZO-1 protein expression. 
Cx43 and ZO-1 expression levels were achieved on macro-
dissected adrenal medulla (5 SHRs and 5 WKY rats). After 
decapsulation, the medullary tissue was separated from the 
cortex, quickly frozen and pulverized in liquid nitrogen. For 
each animal the right and the left medulla were pooled in a 
same sample. The samples were resuspended in lysis buf-
fer (10 mM Tris-HCl, pH 7.4, 1 mM sodium orthovanadate, 
10 mM NaF as phosphatase inhibitors and 1% SDS), sup-
plemented with Mini complete protease inhibitors (Roche 
Applied Science, Laval, Quebec). The extracts were incu-
bated 30 min at 4 °C, sonicated and centrifuged for 20 min 
at 12,000  g. The supernatant was then collected, and the 
protein concentration was determined using the Pierce BCA 
Protein Assays Kit (Thermo Fisher Scientific, Rockford, IL) 
Protein samples (25 µg) were separated by 10% SDS-PAGE 
(4–15% gradient for ZO-1 detection). Electrophoresed pro-
teins were transferred onto a nitrocellulose membrane. Blots 
were then blocked with 5% milk in TBS (pH 7.4, 0.1% 
Tween 20) for 1 h at room temperature with gentle agitation. 
Blots were next incubated with polyclonal antibodies, a rab-
bit anti-Cx43 (1:500, Thermo Fisher Scientific) or a rabbit 

percentage of the AP frequency following PACAP appli-
cation relative to the control condition. Three different 
doses of PACAP were used (0.1, 1 and 10 µM) on distinct 
slices and chromaffin cells. Spontaneous excitatory post-
synaptic currents (sEPSCs) were recorded in chromaf-
fin cells voltage-clamped at -80 mV and were filtered at 
1 kHz, as previously described [31]. To increase the per-
centage of chromaffin cells exhibiting sEPSCs, record-
ings were performed by applying a 80 mM KCl puff at 
the vicinity of the recording cells [32, 33]. In some cells, 
a quantal analysis of sEPSCs was performed. Only single 
events were selected for construction of amplitude histo-
grams. The histograms were inspected for the presence 
of peaks and a corresponding number of Gaussians was 
then fitted by nonlinear regression using GraphPad Prism 
5.0 software (San Diego, USA). Quantal size was esti-
mated from the mean value of the first Gaussian curve fit-
ted to the amplitude distribution histogram. Normalized 
sEPSC decays were fitted by a single exponential using 
the Simplex fit algorithm based on the sum of squared 
errors SSE. Only fits with a SSE < 0.001 were taken into 
consideration. The analysis was done using Mini Analy-
sis software.

Mathematical model of chromaffin cell electrical 
firing

Chromaffin cell electrical activity was modeled using the 
chromaffin cell simulation developed by Warashina and 
Ogura [34]. The computational model was adapted to the 
JSim software [35], available at ​h​t​t​​p​s​:​/​​/​w​w​​w​.​i​​m​a​g​w​i​k​i​.​
n​i​b​i​b​.​n​i​h​.​g​o​v​/​p​h​y​s​i​o​m​e​/​j​s​i​m​​​​​. The time adaptive ​i​n​t​e​g​r​a​
t​i​o​n using the Radau method (dt = 0.01 ms) was used to 
give stable solutions to ordinary differential equations. 
Conductance changes between SHRs and WKY rats were 
extrapolated from the changes observed in the expression 
level of the most abundant transcript for Na+, Ca2+ and 
Ca2+-dependent K+ channels, that are NaV1.3 (1.4-fold 
change), CaV1.3 (2-fold change) and KCa1.1/KCa2.3 
(1.7-fold change).

Dye transfer assay. The fluorescent dye LY (Lucifer 
yellow-CH, dilithium salt, 1 mM in internal solution) was 
introduced into chromaffin cells using patch pipettes. The 
probability of LY diffusion was expressed as a ratio cor-
responding to the number of injected cells that show dye 
transfer to adjacent cells over the total number of injected 
cells, as previously described [36]. Cells were viewed with 
a 63x/1.0 NA Plan-Apochromat water immersion objec-
tive (Zeiss). Dye transfer between gap junction-coupled 
cells was imaged with a real-time confocal laser-scanning 
microscope (LSM 5Live, Zeiss) equipped with a diode 
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Solutions and chemicals

Benzylamine, 3-cyclohexylaminopropanesulfonic acid, 
potassium hexacyanoferrate III, L-epinephrine-L-bitartrate 
salt, L-norepinephrine-L-bitartrate salt, acetonitrile, Lucifer 
yellow (dilithium salt), pituitary adenylate cyclase activat-
ing polypeptide-38 (PACAP-38) and acetylcholine chloride 
were purchased from Sigma-Aldrich (Saint-Quentin Falla-
vier, France).

Statistical analysis

Statistics were performed with Prism 9 (version 9.4.1, 
GraphPad, San Diego, CA). Numerical data are expressed 
as the mean ± standard deviation. Differences between 
groups were assessed by using the non-parametric Mann-
Whitney test. Unpaired Student’s t-test was used to compare 
means when appropriate. The non-parametrical Wilcoxon 
matched-pairs signed-rank test was used to compare two 
related samples or to compare a single sample to a theoreti-
cal value (1 or 100%). For comparisons of more than two 
groups, the non-parametric Kruskal-Wallis test was used. 
The Spearman’s rank correlation coefficient ρ was used to 
measure the relationship between paired data. Percentages 
were compared using a contingency table and the chi-square 
test or the Fisher’s exact test when appropriate. Differences 
with p < 0.05 were considered significant, with *, p < 0.05, 
**, p < 0.01, ***, p < 0.001 and ****, p < 0.0001.

Results

Impaired CA release evoked by high ACh 
concentration in hypertensive rats

The competence of WKY and SHR chromaffin cells to 
secrete CA was investigated by assaying basal and ACh-
evoked epinephrine (E) and norepinephrine (NE) released 
from acute slices (Fig. 1A, B and C). We took advantage 
of making slices from the two adrenals to estimate the 
medulla volume of the right and left glands for both SHRs 
and WKY rats, as previously reported [38]. For each rat, 
whether WKY or SHR, no difference was observed between 
the right and the left glands (0.85 ± 0.08 mm3, n = 4 and 
0.95 ± 0.15 mm3, n = 4 for the right and left WKY glands, 
respectively, p = 0.125, and 1.17 ± 0.33 mm3, n = 4 and 
1.25 ± 0.32 mm3, n = 4 for the right and left SHR glands, 
respectively, p = 0.125, Wilcoxon matched-pairs signed-
rank test, Figure S1D). However, medullary tissue volume 
was significantly greater in SHRs (1.21 ± 0.30 mm3, n = 8 
glands for SHRs versus 0.90 ± 0.12 mm3, n = 8 glands for 
WKY rats, p = 0.0351, Mann-Whitney test, Figure S1E). To 

anti-ZO-1 (1:250, Thermo Fisher Scientific) in TBS-Tween 
0.1% containing 5% milk, at 4  °C overnight. Following 
washout, blots were incubated with secondary antibodies 
peroxydase conjugated for 1  h at room temperature. Pro-
teins were visualized with a LAS-3000 imager (Fuji) using 
an ECL-Plus Chemiluminescence kit (Thermo Fisher Sci-
entific). To ensure equal loading of protein samples, blots 
were stripped of connexin or ZO-1 antibodies and rep-
robed with an actin-specific monoclonal antibody (β-actin, 
1:5000, Sigma). Intensities of Cx43 and ZO-1 bands were 
normalized to those of actin and quantified using the Las-
3000 software.

CA assays from adrenal slice supernatants

Chromaffin cell ability to secrete CA was assessed by mon-
itoring E and NE released in slice supernatant, as previouly 
described [38]. After a 5-min basal (B) condition, slices 
were challenged (S) with either ACh-containing saline or 
Ringer saline, during 5 min. For each slice, results were 
expressed as the stimulation ratio S/B. To calculate basal 
or stimulated amounts of secreted E and NE, the medulla 
surface was estimated for each slice. To achieve this, at the 
end of experiments, slices were bathed for 2 min in hema-
toxyline (1 g/l). The differential staining intensity between 
cortex and medulla allowed estimating the medulla sur-
face, on the two slice faces. The volume was then subse-
quently calculated. After collection, samples were kept at 
-20 °C during 2–3 days before use. E and NE were assayed 
by High Performance Liquid Chromatography (HPLC). 
A benzylamine pre-column derivatization was used to 
generate fluorescent benzoxazole derivatives [39], which 
were next separated by C18 reversed-phase HPLC (Vydac 
218TP54 column, 5 mm, 4.6 mm i.d. x 250 mm; Waters 
Separations Module 2695; multiwavelength fluorescence 
detector Waters 2475) [40]. The derivatization reactions 
were carried out using 20 µl of a standard solution of CA 
(L-epinephrine- and L-norepinephrine-L-bitartrate salts) 
or supernatant samples or water (blank) mixed to benzyl-
amine (50 mM) and 3-cyclohexylaminopropanesulfonic 
acid (3.3 mM, pH 11) and potassium hexacyanoferrate 
III (1.7 mM). The resulting mixtures were incubated at 
50 °C for 20 min and 20 µl were loaded onto the reverse 
phase C18-column. Isocratic elution was performed with a 
mobile phase consisting of 10 mM acetate buffer (pH 5.5) 
and acetonitrile (65/35, v/v) run at 1 ml/min. The column 
temperature was maintained at 23 °C. The detection was 
monitored at an excitation wavelength of 345 nm and an 
emission wavelength of 480 nm. To determine E and NE 
concentrations, the areas under the peaks of samples were 
compared to the peaks of the standard range used as exter-
nal calibrator.
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(Fig. 1B, p = 0.0007, 0.0003 and 0.0002 for ACh 1, 10 and 
100 µM, respectively, Mann-Whitney test). The E release 
amount was also significantly decreased, mostly at 100 µM 
ACh (p = 0.0160, 0.0683 and 0.0005 for ACh 1, 10 and 100 
µM, respectively, Mann-Whitney test). To go further, we 
investigated the ability of chromaffin cells to be stimulated 
by ACh. Irrespective to ACh concentrations (1-100 µM), the 
stimulation ratio was similar between SHRs and WKY rats, 
even at high ACh concentration (Fig. 1C, for E: x5.9 ± 3.5 
(n = 15 slices) and x4.0 ± 1.5 (n = 11 slices) for WKY rats 
and SHRs, respectively, p = 0.1447, Mann-Whitney test 
and for NE: x4.9 ± 2.9 (n = 15 slices) and x5.3 ± 2.1 (n = 12 
slices) for WKY rats and SHRs, respectively, p = 0.3406, 
Mann-Whitney test). Strengthening a deficiency in ACh-
induced CA secretion in SHRs, the E:NE ratio remained 

make appropriate comparisons between SHRs and WKY 
rats, CA secretion was normalized per mm3 medulla, as 
previously described [38]. The larger volume of the adrenal 
medullary tissue in SHRs (1.4 times) was taken into account 
in the normalization procedure. Under basal conditions, 
SHR chromaffin cells secreted 11.8-fold less NE than WKY 
cells (0.5 ± 0.5 pmol/mm3, n = 11 slices for SHRs versus 
5.9 ± 7.4 pmol/mm3, n = 10 slices for WKY rats, p < 0.0001, 
Mann-Whitney test, Fig. 1A, right graph). No change was 
observed for released E amounts (28.1 ± 17.0 pmol/mm3, 
n = 11 slices for SHRs versus 40.0 ± 18.3 pmol/mm3, n = 9 
slices for WKY rats, p = 0.201, Mann-Whitney test, Fig. 1A, 
left graph). Likewise, a significant decrease in NE release 
in SHRs was observed in response to ACh stimulations, 
both at low (1 µM) and high (10–100 µM) concentrations 

Fig. 1  Reduced competence to release CA in SHRs in response to 
robust ACh challenge. Acute adrenal slices from SHRs and WKY rats 
were incubated first for 5 min (basal (B) conditions) and then chal-
lenged (stimulated (S) conditions) with either ACh-containing saline 
or Ringer saline, during 5 min. Secreted epinephrine (E) and norepi-
nephrine (NE) were assayed by HPLC. (A) Basal CA secretion (values 
and error bars represent mean and SD, n = 9–11 slices, Mann-Whitney 
test, ****, p < 0.0001). (B) CA secretion in response to increasing 
ACh stimulations. Both basal and ACh-evoked NE amounts released 
per mm3 of medulla are significantly reduced in SHRs. Regarding E, 
amounts released per mm3 medulla are mostly decreased in response 

to a high ACh concentration (100 µM)-evoked challenge. Values and 
error bars represent mean and SD (n = 10–14 slices, Mann-Whitney 
test, *, p < 0.05 and ***, p < 0.001). (C) No difference in stimulation 
ratios S/B, indicating that the tissue responsiveness is preserved in 
SHRs. Values and error bars represent mean and SD (n = 10–15 slices, 
Mann-Whitney test, *, p < 0.05). (D) E:NE ratios calculated from 
the two adrenals pooled for each rat. Constant E:NE ratios in SHRs, 
contrasting with a progressive increase in E:NE in WKY rats, upon 
exposure to increasing concentrations of ACh. Values and error bars 
represent mean and SD (n = 4 WKY rats and 4 SHRs, Kruskal-Wallis 
test, p > 0.05)
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(AP) firing at resting membrane potential was recorded in 
the loose cell-attached configuration (Fig. 2A). Neither the 
percentage of chromaffin cells exhibiting spontaneous APs 
(80.5%, n = 33/41 cells and 81.6%, n = 31/38 cells for WKY 
rats and SHRs, respectively, p > 0.9999, Fisher’s exact test) 
nor the discharge frequency (0.69 ± 1.07  Hz, n = 32 cells 
for WKY rats and 0.45 ± 0.63  Hz, n = 31 cells for SHRs, 
p = 0.2964, unpaired t test, Fig. 2B, left graph) significantly 
differed between SHRs and WKY rats. Likewise, the fre-
quency distribution was not different between SHRs and 
WKY rats, p > 0.9999, Fisher’s exact test, Fig.  2B, right 
histogram).

The loose patch configuration allowing for long-lasting 
recordings, we next analyzed the spiking pattern of WKY 
and SHR chromaffin cells. Do they exhibit a regular and/or 
a bursting pattern, as previously identified in mouse chro-
maffin cells [30]? To discriminate between the two firing 
patterns, the regularity of the firing discharge was inves-
tigated by calculating the coefficient of variation (CV) of 
inter-spike interval (ISI) distribution. The analysis of the 
discharge pattern (150–200 s recording) was performed on 
24 WKY and 26 SHR chromaffin cells (8 and 7 rats, respec-
tively), and showed that WKY and SHR cells both fire regu-
larly or in bursts (Fig. 3A and B and Figure S2). As expected 
and consistent with previous data in mouse chromaffin cells 
[30], a regular firing mode is associated with a CV < 1 and a 

constant upon challenging SHR chromaffin cells with 
increasing ACh concentrations (p = 0.7061, n = 4 rats, Krus-
kal-Wallis test), while it gradually increased in WKY rats 
(Fig. 1D), as expected for ACh-induced CA secretion in a 
dose-dependent manner and preferential release of E over 
NE release, especially for high ACh concentration [38]. 
Altogether, this indicates that despite a preserved ability to 
release CA, stimulus-secretion coupling of chromaffin cells 
may be less efficient in SHRs. Aiming at identifying which 
element(s) of the adrenal stimulus-secretion is (are) altered 
in SHRs, we next performed a series of experiments focused 
on (i) chromaffin cell excitability, (ii) the cholinergic neuro-
transmission at the splanchnic nerve ending-chromaffin cell 
synapse and (iii) the gap junction-mediated communication 
between chromaffin cells.

Altered action potential firing in SHRs in response to 
sustained stimulations

Regarding the passive electrical membrane properties of 
chromaffin cells, significant changes were observed between 
SHRs and WKY rats for input resistance and capacitance 
(Table S1), predicting a plausible stimulus-secretion cou-
pling reshaping in SHRs. To investigate chromaffin cell 
excitability under experimental conditions as close to in 
situ conditions as possible, spontaneous action potential 

Fig. 2  Spontaneous electrical 
firing monitored in chromaffin 
cells in adrenal acute slices of 
WKY rats and SHRs. Action 
potential (AP) currents were 
recorded in the voltage-clamp 
mode (0 mV, 100 s duration) of 
the loose cell-attached configura-
tion. (A) Representative chart 
recordings of a WKY (upper 
trace) cells and a SHR (lower 
trace) cell. (B) Analysis of the 
AP current frequency (only cells 
exhibiting APs were analyzed). 
Neither the mean frequency nor 
the distribution (ranging from < 1 
to > 2 Hz) differed between WKY 
rats and SHRs. Values and error 
bars represent mean and SD (32 
WKY cells and 31 SHR cells, left 
graph: unpaired t test, p > 0.05; 
right histogram: Fisher’s exact 
test, p > 0.05)
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or can occur in the same cell, the spontaneous electrical 
activity of individual chromaffin cells was recorded for a 
longer period of time (5–15 min, loose-patch configuration). 
Interestingly, both in WKY rats and SHRs, the firing dis-
charge can alternate between the two modes within the same 
cell, switching from a regular to a bursting mode and vice-
versa (Figure S3), indicating that these spiking patterns do 
not reflect two different chromaffin cell populations.

To further investigate chromaffin cell excitability, depo-
larizing steps were evoked using the whole-cell configu-
ration in cells current-clamped at their resting membrane 
potential (between − 60 and − 70 mV) (Fig. 4A). APs were 
elicited during 500 ms from a rheobase of 14.8 ± 9.4 pA 
(n = 26 cells) for WKY rats and 11.5 ± 5.7 pA (n = 24 cells) 
in SHRs (p = 0.1479, unpaired t test). When plotting the 
AP frequency as a function of the injected current inten-
sity, no significant difference was found between SHRs and 
WKY rats in response to small depolarizing currents (≤ 40 
pA). Conversely, when injecting large current amplitudes 
(> 40 pA), the AP accommodation increased in SHRs, lead-
ing to a significant reduction in firing frequency at 60 pA 
(23.0 ± 5.0 Hz, n = 12 for SHRs versus 28.5 ± 4.4 Hz, n = 13 
for WKY rats, p = 0.0087, Mann-Whitney test, Fig.  4B). 
These AP frequency values are likely close to the maximum 
AP frequency that a rat chromaffin cells can withstand (see 
also Figure S7A for data in a computational chromaffin 
cell model). The reduction in spiking frequency in SHRs 
was associated with a gradual drop of the AP peak (-34% 
between the second AP and the last AP in SHRs versus 
− 25% in WKY rats) and a spike widening (+ 20% between 
the second AP and the last AP in SHRs versus + 16% in 
WKY rats, p < 0.001, unpaired t test, Fig. 4C). This obser-
vation is particularly relevant in that robust depolarizations 
may simulate the elevated peripheral sympathetic tone asso-
ciated with elevated blood pressure. For spontaneous APs 
recorded in current-clamp mode without current injection, as 
for evoked APs, the duration was higher (+ 63% half-width) 
and the amplitude was lower in SHRs compared to WKY 
rats (-11%, Fig. 4D, mean of 30–50 successive APs). The 
overall features of evoked and spontaneous APs in SHRs 
and WKY rats are summarized in Table S2. Collectively, 
these results indicate that in response to sustained electrical 
stimulation with high-amplitude currents, chromaffin cells 
of SHRs are less excitable than those of WKY rats.

Does decreased cell excitability have functional rel-
evance under conditions of physiological stress, a situa-
tion associated with an increase in splanchnic nerve firing 
discharge and change in the nature of the neurotransmit-
ters released at the adrenomedullary synapses [21]? To 
address this issue, we studied the electrical behaviour of 
SHR and WKY chromaffin cells in response to the pituitary 
adenylyl cyclase-activating polypeptide (PACAP), a major 

bursting mode with a CV > 1. No overt difference in the per-
centage of cells displaying a regular or a bursting firing was 
observed between SHRs and WKY rats (3 regular and 23 
bursting cells (n = 26) for SHR and 4 regular and 20 burst-
ing cells (n = 24) for WKY, respectively, p = 0.6971, Fish-
er’s exact test, Fig. 3C). To determine whether the two firing 
patterns account for two distinct chromaffin cell populations 

Fig. 3  Presence of two distinct firing patterns in chromaffin cells of 
WKY rats and SHRs. Cells were recorded in the loose cell-attached 
configuration and voltage-clamped at 0 mV. (A) Spontaneous AP cur-
rents recorded in two individual cells of WKY rats. One cell exhibits a 
regular spiking (Aa, coefficient of variation CV = 0.5), while the sec-
ond cell displays a bursting firing pattern (Ab, CV = 3.35). The histo-
grams on the right illustrate the distribution of the inter-spike intervals 
(100 ms bin), from which the coefficients of variation (CV) were cal-
culated, as described in [30]. (B) Spontaneous AP currents recorded in 
two individual cells of SHRs. One cell exhibits a regular spiking (Ba, 
coefficient of variation CV = 0.64), while the second cell displays a 
bursting firing pattern (Bb, CV = 1.79). Insets in A and B: expanded 
time scale illustrating a 20-s spiking period. (C) Histograms illustrat-
ing the distribution of the mean CV values calculated in 24 WKY cells 
and 26 SHR cells (0.1 CV unit bin) (Fisher’s exact test, p > 0.05)
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Fig. 4  Decreased chromaffin cell excitability in response to robust 
depolarizations and AP waveform changes in SHRs. (A) Illustrative 
chart recordings of evoked electrical activities in current-clamped 
WKY (black traces) and SHR (red traces) cells, in response to depolar-
izing steps (500 ms duration, + 10, +40 and + 60 pA injected currents 
as upper, middle and bottom traces, respectively). Note that the depo-
larization induced by a current injection of + 10 pA triggered more 
APs in SHR than in WKY rats (upper charts). (B) Analysis of the AP 
frequency in response to serial increasing depolarizations (the num-
ber of recorded cells for each stimulus intensity is indicated in paren-
theses). Robust depolarizing steps (Iinj ≥40 pA) elicited less APs in 
SHRs than in WKY rats. At Iinj = 60 pA, the number of APs elicited in 
SHRs is significantly lower than that elicited in WKY rats (values and 
error bars represent mean and SD, Mann-Whitney test, **, p < 0.01). 

(C) Single AP waveforms derived from the second (a and b traces for 
WKY and SHR, respectively) and the last (c and d traces for WKY 
and SHR, respectively) evoked APs in response to a + 40 pA, 500 ms 
duration depolarizing step. Analysis of AP half-width and amplitude 
changes shows an increased half-width and a decreased amplitude in 
SHRs. Values and error bars represent mean and SD (24 WKY cells 
and 22–24 SHR cells, unpaired t test, *, p < 0.05, ***, p < 0.001 and 
****, p < 0.0001). (D) Similar analysis performed for spontaneous 
APs (mean of 30–50 APs/cell) recorded in WKY and SHR chromaf-
fin cells (10 and 8 cells, respectively) current-clamped at their resting 
membrane potential. AP half width and amplitude are also significantly 
modified in SHRs (increased and decreased, respectively). Values and 
error bars represent mean and SD (Mann-Whitney test, *, p < 0.05 and 
**, p < 0.01)
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SHRs: +5.7 ± 6.8%, n = 4 cells, Wilcoxon matched-pairs 
signed-rank test, p = 0.2500). PACAP, at 1 µM, increased 
the frequency of AP currents in WKY chromaffin cells, but 
not in SHRs (in WKY rats: +208.3 ± 234.4%, n = 7 cells, 
Wilcoxon matched-pairs signed-rank test, p = 0.0158; in 
SHRs: +30.6 ± 35.4%, n = 6 cells, Wilcoxon matched-pairs 
signed-rank test, p = 0.0938). At higher PACAP concentra-
tion (10 µM), AP current frequency in SHRs is even sig-
nificantly decreased when compared to that observed before 
PACAP application (in SHRs: -40.7 ± 24.4%, n = 9 cells, 
Wilcoxon matched-pairs signed-rank test, p = 0.0039; in 
WKY rats: +93.7 ± 164.8%, n = 7 cells, Wilcoxon matched-
pairs signed-rank test, p = 0.2969). When compared to 

neurotransmitter for stress transduction at the splanchnic 
nerve-chromaffin cell synapse, as reported in mice [41, 
42]. Cells were recorded in the loose-patch cell-attached 
configuration and stimulated with 0.1 to 10 µM PACAP 
(Fig. 5). Representative chart recordings in response to 10 
µM PACAP are plotted in Fig. 5A. AP currents were moni-
tored before and after PACAP stimulation and the results 
after PACAP are presented as a percentage relative to the 
firing frequency observed before PACAP (Fig. 5B). At low 
PACAP concentration (0.1 µM), the AP current frequency 
did not significantly change compared to control condition 
without PACAP (in WKY rats: +12.7 ± 65.7%, n = 6 cells, 
Wilcoxon matched-pairs signed-rank test, p = 0.8125; in 

Fig. 5  Physiological consequence of reduced excitability in SHRs: 
lack of electrical response to PACAP. Chromaffin cells in acute adre-
nal slices were recorded in the loose-patch cell-attached configuration 
(clamped at 0 mV) and stimulated with 0.1 to 10 µM PACAP-38. (A) 
Representative chart recordings of AP currents in a WKY and SHR 
chromaffin cell exposed to 10 µM PACAP. (B) Pooled data of electri-
cal responses to various PACAP concentration applications, illustrating 
the lack of response to PACAP in SHRs (right graph) compared to the 
increase in frequency of AP currents in WKY rats (left graph). The data 

are presented as a percentage relative to the firing frequency observed 
under control conditions (without PACAP). Note the decreased fre-
quency in hypertensive animals upon a challenge with a high PACAP 
concentration (10 µM). Values and error bars represent mean and SD 
(Wilcoxon matched-pairs signed-rank test, *, p < 0.05). (C) Plot sum-
marizing the effects of PACAP and the difference between SHRs and 
WKY rats, in particular at high PACAP concentration. Values and error 
bars represent mean and SD (Mann-Whitney test, ***, p < 0.001)
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Mann-Whitney test, Figure S5). NaV1.1, NaV1.4 and NaV1.5 
transcripts (Scn1a, Scn4a and Scn5a genes, respectively) 
were not detected. Regarding NaV1 channel β subunits, 
Scn1b (NaVβ1 subunit), Scn2b (NaVβ2 subunit) and Scn3b 
(ΝaVβ3 subunit) genes were amplified, but not Scn4b. A sig-
nificant increase was observed for Scn2b (2.5-fold difference, 
p = 0.0022, Mann-Whitney test, Figure S6). With respect to 
Ca2+ channels, we examined both high threshold-activated 
CaV1 (L-type) and CaV2 (N-, P/Q- and R-type) channels, 
highly expressed in chromaffin cells and low threshold-acti-
vated CaV3 (T-type), whose expression undergoes robust 
remodeling in response to stressful situations [45, 46]. Cac-
na1d (encoding CaV1.3) and Cacna1b (encoding CaV2.2) 
genes are the principal transcripts expressed in WKY rats 
and SHRs, with respectively a 2-fold and a 1.5-fold increase 
in hypertensive animals (p = 0.0022 for Cacna1d and 
p = 0.041 for Cacna1b, Mann-Whitney tests, Fig.  6A and 
B). The highest expression difference was found for CaV2.1 
channels (Cacna1a gene, 2.7-fold difference in SHRs, 
p = 0.0022, Mann-Whitney test). Transcripts encoding 
CaV1.2 (Cacna1c), CaV2.3 (Cacna1e), CaV3.2 (Cacna1h) 
and CaV3.3 channels (Cacna1i) were weakly expressed and 
their expression level did not change between normotensive 
and hypertensive rats. Cacna1g mRNA (encoding CaV3.1) 
was not detected. Concerning K+ channel genes, we focused 
on Ca2+-activated channels expressed in chromaffin cells 
[47], namely the large (BK) KCa1.1 (Kcnma1 gene), the 
intermediate (IK) KCa3.1 (Kcnn4) and the small (SK) KCa2 
conductance channels (Kcnn1-3). Still, the overall collec-
tion of channels expressed (with a prevalent expression for 
KCa1.1 and KCa2.3) does not qualitatively differ between 
WKY rats and SHRs (Fig. 6A). Quantitatively, the expres-
sion level of all transcripts, except Kcnn2, was significantly 
enhanced in SHRs (1.9-fold difference for KCa1.1, 1.6-
fold difference for KCa2.1, 1.5-fold difference for KCa2.3 
and 1.8-fold difference for KCa3.1). KCa4.1 (Kcnt1) and 
KCa4.2 (Kcnt2) mRNA were not detected. Altogether, these 
results show that (i) the overall repertoire of voltage-gated 
ion channels expressed in WKY and SHR chromaffin cells 
is qualitatively similar (at the transcript level), except for 
the NaV1 channel family for which NaV1.7 (Scn9a) chan-
nels become the second most expressed isoform in SHRs 
after NaV1.3 channels and (ii) the expression ratio in SHRs 
for a given channel undergoes remodeling as compared to 
WKY rats (Fig. 6C).

Are those expression differences in voltage-gated 
ion channels relevant for cell electrical firing and can 
they account for the reduced cell excitability observed 
in SHRs in response to sustained depolarizations? To 
address this issue, the experimentally observed differ-
ences in the expression of Na+, Ca2+ and Ca2+-dependent 
K+ channels were evaluated in a computational model of 

WKY cells, SHR chromaffin cells challenged with 10 µM 
PACAP appeared much less likely to trigger APs (Fig. 5C, 
Mann-Whitney test, p = 0.0003). This result corroborates 
the decrease in excitability reported in Fig. 4. To investigate 
whether the change in cell excitability reflects changes in 
the firing (regular versus bursting) pattern, we analyzed the 
coefficient of variation, before and after PACAP exposure 
(0.1 to 10 µM, Figure S4). Although there is a downward 
trend, no significant differences were observed in both SHRs 
and WKY rats (2.22 ± 1.20 before PACAP and 1.89 ± 0.91 
after PACAP, n = 12 cells for WKY rats, p = 0.2661, Wil-
coxon matched-pairs signed-rank test and 2.25 ± 1.26 
before PACAP and 1.62 ± 0.50 after PACAP, n = 10 cells, 
p = 0.1934, Wilcoxon matched-pairs signed-rank test, Fig-
ure S4A). In response to PACAP, the CV variance decreased 
more markedly in hypertensive than in normotensive ani-
mals, suggesting that PACAP acts by homogenizing the fir-
ing pattern of SHR chromaffin cells (Figure S4B). This is 
consistent with the lack of correlation observed in SHRs, 
between CV after and before PACAP, in contrast to WKY 
rats (ρ = 0.713 in WKY rats, p = 0.0012, n = 12 cells, Spear-
man’s rank correlation coefficient versus ρ = 0.038 in SHRs, 
p = 0.916, n = 10 cells, Spearman’s rank correlation coef-
ficient, Figures S4Ca and S4Cb). Altogether, these data 
obtained in response to PACAP, a main neurotransmitter 
operating at the stressed splanchnic nerve-chromaffin cell 
synapse, open up a new avenue of investigation. From a 
physiological point of view, the reduced ability of chromaf-
fin cells to be stimulated by PACAP suggests an alteration 
of the stress response in SHRs. This may occur at the level 
of catecholamine secretion, although it has not yet been 
established that PACAP triggers CA secretion in rat chro-
maffin cells, as shown in mice [41, 43].

AP waveform critically relies on the nature and the rela-
tive proportion of voltage-gated ion channels. To identify 
the molecular determinants that could underlie the changes 
in AP shape, we investigated the expression of transcripts 
encoding voltage-dependent ion channels by quantitative 
PCR (Fig.  6). We first investigated the expression level 
of mRNA encoding the α (Fig. 6) and auxiliary β subunits 
(Figure S6) of the voltage-gated sodium (NaV1) channel 
family. As previously reported in mouse [44], Scn3a gene 
(encoding NaV1.3) is the main NaV channel gene expressed 
in the adrenal medulla of both normotensive and hyperten-
sive rats (Fig. 6A and C), with a significant upregulation in 
SHRs at the transcript level (1.4-fold increase, p = 0.0260, 
Mann-Whitney test, Fig.  6B), which was not observed at 
the protein level (Figure S5). Regarding the other NaV1 iso-
forms, it is noteworthy that the expression level of Scn9a 
mRNA (encoding NaV1.7) displayed a 11.5-fold increase in 
SHRs (p = 0.0049, Mann-Whitney test, Fig. 6B), accompa-
nied by a 1.3-fold increase at the protein level (p = 0.0411, 
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the rat chromaffin cell electrical activity [34] (Fig.  7). 
The WKY and SHR models were implemented by the 
respective experimental values of resting membrane 
potential and membrane capacitance (see Table S1). For 
the WKY model, the values for GNa, GCa, GBK and GSK 
were directly extracted from Warashina’s model. To build 
the SHR model, (i) we assumed that the transcriptional 
differences equally mirror protein expression level and 
(ii) because the electrical firing pattern results from the 
concomitant contribution of NaV, CaV and Ca2+-depen-
dent K+ channels, we chose to change the conductance 
values globally, rather than individually (see data in Fig-
ure S7 for individual changes in GNa, GCa or GSK/BK). 
The conductance values implemented into the model 
were extrapolated from the differences in the expression 
level of the most abundant transcript for NaV, CaV and 
Ca2+-dependent K+ channels, that are NaV1.3 (1.4-fold), 
CaV1.3 (2-fold) and KCa1.1/KCa2.3 (1.7-fold) (Fig. 6B). 
Depolarizing voltage steps (500 ms duration) of gradu-
ally increased stimulation intensities (10 to 35 µA/cm2) 
were injected into the WKY and SHR models. Repre-
sentative APs evoked for three stimulation intensities 
are illustrated in Fig. 7A. For low intensity stimulation 
(≤ 23 µA/cm2), the SHR model generates more APs than 
the WKY model, as observed experimentally (Fig.  4A, 
upper charts). Consistent with the data obtained in the 
loose-patch configuration, high stimulation intensities 
(> 23 µA/cm2) triggered less APs in the SHR model. 
Pooled data indicate that AP frequency is maximal for 
stimulations > 30 µA/cm2 and saturates at 24–26 Hz for 
WKY and 12  Hz for SHR models (Fig.  7B, red trace). 
Collectively, the simultaneous modification of GNa/GCa/
GSK/BK (x1.4/x2/x1.7) leads to a pronounced and signifi-
cant reduction in AP frequency (two-way ANOVA fol-
lowed by a Bonferroni’s post-hoc test, p < 0.001). Since 
Scn9a encoding NaV1.7 channel was highly expressed in 
SHRs (Fig. 6) and although the most abundant transcript 
for NaV channels in these animals remains that encoding 
NaV1.3, we also added a NaV1.7 component to the com-
putational model, resulting in the following parameters: 
NaV1.3/NaV1.7 (3-fold), CaV1.3 (2-fold) and KCa1.1/
KCa2.3 (1.7-fold) (Fig. 7B, purple trace). Increasing GNa 
(3-fold change) in the SHR model also results in a pro-
nounced and significant reduction in AP frequency com-
pared to the WKY model (two-way ANOVA followed 
by a Bonferroni’s post-hoc test, p < 0.01). As such, and 
despite the fact that the SHR model was compiled on 
the basis of transcriptional differences, our data suggest 
that a coordinate increase in NaV, CaV and Ca2+-activated 
K+ channels can account for the reduced excitability of 
SHR chromaffin cells, that occurs in response to robust 
depolarizations.

Fig. 6  Remodeling of transcripts encoding voltage-gated ion chan-
nels in SHRs. Changes in mRNA expression levels were assessed by 
real-time RT-PCR in macrodissected adrenal medullary tissues from 
6 WKY rats and 6 SHRs. (A) 3D-bar graphs illustrating the relative 
expression levels in NaV, CaV and KCa channel genes. Values and error 
bars represent mean and SD (Mann-Whitney test, *, p < 0.05 and **, 
p < 0.01). (B) Fold differences in SHRs, as compared to WKY rats. The 
highest fold-difference refers to Scn9a (encoding NaV1.7, 11.7-fold 
increase) for the NaV family, Cacna4a (encoding CaV2.1, > 2.8-fold 
increase) for the CaV gene family and Kcnma1 (encoding KCa1.1, 1.9-
fold increase) for the KCa gene family. Fold difference values were 
determined according to Livak’s method [37]. The Shapiro-Wilk test 
was used to analyze the normality of data distribution, and parametric 
or non-parametric unpaired tests were used when appropriate. Values 
and error bars represent mean and SD (Mann-Whitney test, *, p < 0.05, 
**, p < 0.01, ***, p < 0.001 and ****, p < 0.0001). (C) Distribution of 
the channel isoforms in WKY rats and SHRs showing that the same 
voltage-gated channel families are present in the two strains, but with 
different expression ratios. Note the significant difference for tran-
scripts encoding NaV1 channel family, associated with a decrease for 
Scn3a and an increase for Scn9a in SHRs. Percentages were compared 
using a contingency table and the chi-square test (****, p < 0.0001). 
ns, not statistically different

 

1 3

   31   Page 12 of 26



Adaptive remodeling of rat adrenomedullary stimulus-secretion coupling in a chronic hypertensive…

voltage-clamped at -80 mV, in response to a 80 mM KCl 
puff to increase the number of synaptic events. Mean 
sEPSC amplitude did not significantly differ between 
SHRs and WKY rats (133.1 ± 76.3 pA, n = 7 cells in SHRs 
and 106.3 ± 53.7 pA, n = 8 cells in WKY rats, p = 0.4634, 
Mann-Whitney test). Conversely, sEPSC frequency was 
significantly lower in SHR chromaffin cells (2.5 ± 2.2 Hz, 
n = 7 cells in SHRs versus 5.3 ± 2.2  Hz, n = 8 cells in 
WKY rats, p = 0.0093, Mann-Whitney test). sEPSC 
kinetic parameters were also analyzed (Fig. 8B). No dif-
ference was observed on the activation phase (rise time 
of 2.04 ± 0.25 ms, n = 8 cells and 2.18 ± 0.30 ms, n = 7 
cells for WKY and SHR rats, respectively, p = 0.3357, 
Mann-Whitney test). By contrast, when the decay phase 
was fitted by a single exponential curve [32, 51], a sig-
nificant increase in the time constant was observed in 
SHRs (t = 15.58 ± 2.19 ms, n = 8 cells for WKY rats ver-
sus 23.82 ± 5.25 ms, n = 7 cells for SHRs, p = 0.0037, 

Changes in cholinergic synaptic 
transmission in hypertensive rats

Besides chromaffin cell excitability, cholinergic synap-
tic transmission at the splanchnic nerve-chromaffin cell 
junction is a key element of the stimulus-secretion cou-
pling in the adrenal medulla. We therefore monitored the 
behaviour of cholinergic synapses by recording sponta-
neous excitatory postsynaptic currents (sEPSCs) in chro-
maffin cells voltage-clamped at -80 mV, as described 
[31]. Consistent with previous studies [32, 48, 49] and 
reflecting the large number of nerve fibers cut during the 
slicing procedure [33, 50], few chromaffin cells exhib-
ited sEPSCs in standard 2.5 mM K+-containing saline 
(36.7%, n = 18/49 in WKY rats versus 23.1%, n = 12/52 
in SHRs, p = 0.1909, Fisher’s exact test). Figure 8A illus-
trates representative charts of sEPSCs recorded in WKY 
(upper trace) and SHR (lower trace) chromaffin cells 

Fig. 7  Computational simulation of the electrical firing of WKY and 
SHR chromaffin cells: reduced excitability in SHR model in response 
to sustained depolarizations. WKY and SHR models were built from 
the rat chromaffin cell computational simulation developed by Warash-
ina and Ogura [34]. The SHR condition was simulated by adding a 
multiplier (derived from the transcriptional changes) to Na+, Ca2+ and 
Ca2+-dependent K+ conductances, as such the SHR model = 1.4 GNa, 2 
GCa and 1.7 GSK/BK WKY model. The stimulation intensity was gradu-

ally increased from 10 to 35 µA/cm2 (500 ms depolarizing steps). (A) 
Representative APs extracted from WKY (black traces) and SHR (red 
traces) models plotted for three stimulation intensities. (B) Pooled data 
showing pronounced and statistically significant reduction in AP fre-
quency in two SHR models (1.4 GNa, 2 GCa and 1.7 GSK/BK, red trace 
and 3 GNa, 2 GCa and 1.7 GSK/BK, purple trace), in response to robust 
depolarizations (> 23 µA/cm2, two-way ANOVA followed by a Bon-
ferroni’s post-hoc test, **, p < 0.01 and ***, p < 0.001)
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Excitatory postsynaptic events at the rat splanchnic 
nerve terminal-chromaffin cell junction result from the 
co-activation of several nicotinic acetylcholine recep-
tor (nAChR) subtypes [31, 32, 46, 51]. A change in the 
expression and/or composition of nAChRs could account 
for the change in sEPSC decay time constant observed 
in SHRs. To address this issue, the expression levels 

Mann-Whitney test). The quantal analysis of sEPSCs did 
not show any significant difference between SHRs and 
WKY rats (16.8 ± 4.4 pA, n = 8 cells for WKY rats and 
20.5 ± 6.60 pA, n = 7 cells for SHRs, p = 0.2676, Mann-
Whitney test, Fig. 8C). Collectively, these data argue for 
synaptic activity changes occurring both at pre- and post-
synaptic sites.

Fig. 8  Changes in the excitatory cholinergic synaptic neurotrans-
mission between splanchnic nerve endings and chromaffin cells in 
SHRs. (A) Typical chart recordings of excitatory postsynaptic cur-
rents (EPSCs) recorded in WKY (upper trace) and SHR (lower trace) 
chromaffin cells voltage-clamped at -80 mV, in response to an 80 mM 
KCl puff. The analysis of synaptic transmission shows a significant 
decrease in EPSC frequency in SHRs (right graphs). No difference was 
observed in EPSC amplitude. Values and error bars represent mean 
and SD (8 WKY chromaffin cells and 7 SHR chromaffin cells, Mann-
Whitney test, **, p < 0.01). (B) In regard to EPSC kinetics, superim-

posed normalized WKY and SHR EPSCs and associated data graphs 
illustrate a significant elongated EPSC decay time in SHRs. Values and 
error bars represent mean and SD (Mann-Whitney test, **, p < 0.01). 
(C) Analysis of EPSC quantal size. Histograms (2 pA bin) illustrate 
of the distribution of sEPSC amplitudes in a WKY (left) and a SHR 
(right) chromaffin cells. Quantal size was estimated from the mean 
value of the first Gaussian curve fitted to the amplitude distribution 
histogram. As summarized from the 8 WKY cells and the 7 SHR cells 
in which the quantal analysis was performed, the EPSC quantal size 
does not differ between the two strains (Mann-Whitney test, p > 0.05)

 

1 3

   31   Page 14 of 26



Adaptive remodeling of rat adrenomedullary stimulus-secretion coupling in a chronic hypertensive…

Mann-Whitney test) in SHRs. For the β subunit family, 
the expression of β4, the main β subunit expressed in rat 
chromaffin cells significantly decreased in SHRs (0.48-
fold, p = 0.0043, Mann-Whitney test). Chrnb2 expression 
remained unchanged. Taken together, these findings indi-
cate that nAChR subunits are transcriptionally remodeled 
in SHRs. Assuming subsequent modifications at the pro-
tein level, this plasticity may contribute to the modifica-
tions observed in sEPSC kinetics.

of transcripts encoding α3 (Chrna3), α4 (Chrna4), α5 
(Chrna5), α7 (Chrna7), β2 (Chrnb2) and β4 (Chrnb4) 
subunits was quantified by real-time RT-PCR (Fig.  9). 
The expression of genes encoding α3 and α7, two sub-
units dominantly engaged in the synaptic transmission, 
did not change between SHRs and WKY rats. By con-
trast, the transcripts encoding the two auxiliary α4 and 
α5 subunits were differently expressed, with a signifi-
cant increase for α4 (5.7-fold, p = 0.0043, Mann-Whit-
ney test) and decrease for α5 (0.57-fold, p = 0.0043, 

Fig. 9  Remodeling of transcripts 
encoding nAChR subunits in 
SHRs. The differences in mRNA 
expression level of nAChR 
subunits were assessed by 
real-time RT-PCR, in macrodis-
sected WKY (5) and SHR (6) 
adrenal medullary tissues. (A) 
3D-bar graphs illustrating the 
relative expression levels of four 
α (Chrna3, Chrna4, Chrna5 and 
Chrna7, encoding α3, α4, α5 
and α7, respectively) and two β 
(Chrnb2 and Chrnb4, encoding 
β2 and β4, respectively) subunit 
genes, in the two rat strains. Val-
ues and error bars represent mean 
and SD (Mann-Whitney test, **, 
p < 0.01). (B) Fold differences 
in SHRs, as compared to WKY 
rat. Significant differences occur 
for Chrna4 (5.8-fold), Chrna5 
(0.6-fold) and Chrnb4 (0.5-fold). 
Fold difference values were 
determined according to Livak’s 
method [37]. The Shapiro-Wilk 
test was used to analyze the 
normality of data distribution, 
and parametric or non-parametric 
unpaired tests were used when 
appropriate. Values and error bars 
represent mean and SD (Mann-
Whitney test, *, p < 0.05, **, 
p < 0.01)
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and 6 SHRs, Mann-Whitney test, p = 0.0303) and protein 
(Fig. 10C, 5 WKY rats and 4 SHRs, Mann-Whitney test, 
p = 0.0159) levels. The expression of transcripts encod-
ing Cx36 however did not change in hypertensive rats 
(Fig.  10B, right graph, 5 WKY rats and 6 SHRs, Mann-
Whitney test, p = 0.5368). These results, in addition with 
an increased input resistance (see Table S1) are consistent 
with a reduced gap junctional communication in SHRs. 
To go further into the mechanisms underlying the reduced 
expression of Cx43 in SHRs, we addressed the involve-
ment of post-translational changes such as stability of gap 
junctional plaques. Anchored gap junctions at the plasma 
membrane bind to scaffolding proteins, such as zonula 
occludens-1 (ZO-1). ZO-1 has been shown to interact with 
various connexins, including Cx43 [53]. As shown by the 
densitometric analysis of immunoblots, ZO-1 expression 
remains unchanged in SHRs (Fig. 10D, 5 WKY rats and 5 
SHRs, Mann-Whitney test, p = 0.3095), indicating that the 
impairment in Cx43 stability at the plasma membrane is 
unlikely the cellular mechanism whereby Cx43 expression 
is reduced in SHRs.

Reduced gap junctional coupling between 
chromaffin cells in hypertensive rats

In the rat adrenal medullary tissue, gap junction-mediated 
intercellular communication between chromaffin cells is an 
additional pathway involved in the regulation of stimulus-
secretion coupling [15, 17, 19]. Because adrenomedullary 
gap junctional coupling can remodel in physiological/
physiopathological conditions [18, 36, 46, 48, 49, 51, 52], 
we compared its status between SHRs and WKY rats. 
To investigate whether gap junctional coupling is modi-
fied in hypertensive rats, we imaged Lucifer yellow dif-
fusion between chromaffin cells by confocal microscopy 
(Fig.  10). As illustrated in panel 10 A, the percentage of 
Lucifer yellow-coupled cells was lower in SHRs (18%, 
n = 7/38 cells in 4 SHRs versus 33%, n = 11/33 cells in 5 
WKY rats, p = 0.1789, contingency table and Fisher’s exact 
test). Consistently, the expression of connexin 43 (Cx43), 
the main connexin expressed in the rat adrenal medullary 
tissue [15, 36], is significantly diminished in SHRs, both 
at the transcriptional (Fig.  10B, left graph, 5 WKY rats 

Fig. 10  Attenuated gap junction-mediated intercellular communication 
in SHRs. (A) Reduced Lucifer yellow (LY) diffusion between SHR 
chromaffin cells. LY was introduced into chromaffin cells using patch 
pipettes. Dye diffusion was imaged 15 min after patch disruption. Less 
than 20% of SHR chromaffin cells (38 patched cells, 4 SHRs) are dye-
coupled, as compared to more than 30% in WKY cells (33 patched 
cells, 5 WKY rats). Percentages were compared using a contingency 
table and the Fisher’s exact test (*, p < 0.05). (B) Decreased expres-
sion level of Gja1 (encoding Cx43) (Mann-Whitney test, *, p < 0.05), 

but not Gjd2 (encoding Cx36) (Mann-Whitney test, p > 0.05) in SHRs, 
assessed by real-time RT-PCR from macrodissected medullary tis-
sues. Values and error bars represent mean and SD (5 WKY rats and 6 
SHRs). (C and D) Western blots and associated pooled data graphs of 
Cx43 (C) and ZO-1, a Cx43-associated protein (D). Cx43 expression 
(Mann-Whitney test, *, p < 0.05), but not ZO-1 (Mann-Whitney test, 
p > 0.05), is significantly down-regulated in SHRs. Values and error 
bars represent mean and SD (5 WKY rats and 4 SHRs for Cx43 and 5 
WKY rats and 5 SHRs for ZO-1)
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especially in response to adrenomedullary secretagogues 
(neurotransmitters, neuropeptides.).

Decreased chromaffin cell excitability in response to 
robust depolarization/stimulation

The most functionally relevant feature of SHR chromaffin 
cells is their reduced AP firing in response to sustained stim-
ulations. This likely results from a coordinated upregulation 
of Na+, Ca2+ and Ca2+

− dependent K+ channels, as observed 
both experimentally with the enhanced expression level of 
their respective transcripts and in silico in a chromaffin cell 
model. At the single AP level, AP waveform in SHR chro-
maffin cells is modified as such the amplitude is decreased 
and the half-width is increased. Because the AP waveform 
results from the concomitant contribution of many ion chan-
nels [57], discussing each channel separately would give 
biased conclusions. We therefore focused the discussion on 
the most striking effects that is the AP waveform change and 
reduced ability of SHR chromaffin cells to trigger sustained 
firing during robust depolarizations. In chromaffin cells, as 
in most neurons, NaV channels critically shape the AP wave-
form [58]. This is of particular importance because changes, 
even subtle, in spike shape can drastically affect Ca2+ chan-
nel recruitment and therefore ensuing Ca2+ transients, and 
finally CA secretion. Interestingly, the most remarkable 

Discussion

This study describes the functional remodeling operated 
by adrenal chromaffin cells in response to chronic elevated 
blood pressure. All observed changes converge toward a less 
efficient stimulus-secretion coupling, especially in response 
to robust stimulations (Fig. 11). This may reflect a shielding 
mechanism safeguarding the hypertensive organism against 
the deleterious effects of excessive CA secretion.

In addition to the functional changes unveiled between 
normotensive and hypertensive chromaffin cells, this study 
also extends basic knowledge about rat chromaffin cell 
excitability in situ. The analysis of AP firing revealed the 
existence of two spiking patterns (regular and bursting), as 
previously reported in mice [18, 30, 54]. As in the mouse, 
regular and bursting discharges coexist within a same cell. 
Because APs generated in bursts are more efficient than AP 
trains fired at constant frequency to evoke CA secretion [44, 
55], identifying the cellular mechanism(s) promoting the 
switch between the two spiking patterns would be therefore 
of great interest. In this context, ion channels involved in 
setting up the resting membrane potential appear as inter-
esting targets to investigate [30, 56]. In addition, although 
we found no sharp difference in the occurrence of regular 
and bursting patterns between WKY rats and SHRs, fur-
ther experiments are required to fully address this issue, 

Fig. 11  Remodeling of the adrenal stimulus-secretion coupling in a 
chronic hypertensive environment. In response to a gradual increase 
in arterial blood pressure leading to hypertension, the adrenomedul-
lary tissue adapts the secretory competence of chromaffin cells. Upon 
sustained agonist stimulation, the excitability of chromaffin cells, the 

synaptic transmission and the gap junctional communication are less 
efficient, resulting thus in a reduced catecholamines (epinephrine and 
norepinephrine) secretion. For SHR mRNAs and proteins, upward 
differences are shown in green, downward differences in red (?, not 
determined)
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parallel the remodeling observed at the transcriptional 
level. In chromaffin cells, the prevalent nAChR composi-
tions encompass α3β4 and α3β2 subunits with the addi-
tion of α5 [66]. Because the β4 subunit modulates the 
density of α3β4 receptors at the plasma membrane [67], 
the decreased expression level of β4 mRNA in SHRs 
may reduce the membrane expression of α3β4 nAChRs 
and attenuate the neurotransmission at splanchnic nerve-
chromaffin cell synapses. When incorporated in a nAChR, 
α5 subunit alters biophysical and biochemical properties 
of the channel [68, 69]. Of a particular interest for a neu-
rosecretory cell is the less robust Ca2+ permeability of 
α3 nAChRs in the absence of α5 [69]. If we assume that 
the reduced expression level of α5 transcripts in SHRs 
could favor α3β2/α3β4 combinations to the detriment of 
α3β2α5/α3β4α5, it is likely that the resulting Ca2+ entry 
through activated nAChRs could be less robust, and 
could contribute to reduce hormone secretion.

In SHRs, sEPSCs exhibit a slower decay time com-
pared to WKY rats. Although we do not have direct evi-
dence, this difference could be explained by a change in 
nAChR subunit composition. Indeed, ACh-evoked cur-
rents recorded in Xenopus oocytes from α4-containing 
nAChRs decayed more slowly than those recorded from 
α3-containing receptors [70]. Compared to α3 subunit, 
little is known on the role of α4-containing nAChRs 
in adrenal chromaffin cells. Although α4 subunit is 
expressed in rat chromaffin cells [66, 71], α4-containing 
nAChRs contribute modestly to ACh-induced current 
[70]. The fact that these receptors can localize extra- or 
peri-synaptically [72] also argues for their non-dominant 
role in chromaffin cell stimulus-secretion coupling (at 
least under control conditions). Our data show a sig-
nificant increase in the expression level of the transcript 
encoding α4 subunit (although it remained very poorly 
expressed). In parallel, the expression level of the tran-
scripts encoding α5 and β4 subunits decreased. Assuming 
a faithful repercussion at protein level, we can propose 
that the increase in the transcript encoding α4 subunit 
associated with a decrease in the transcript encoding β4 
subunit may favor the α4β2 combination. Interestingly, 
α4β2- and α3β4-containing nAChRs are differentially 
modulated by the α5 subunit, resulting in changes in 
transmitter release [73]. Given that the transcript encod-
ing α5 has also been remodeled in SHRs, one may assume 
a repercussion on chromaffin cell stimulus-secretion cou-
pling. Both α4β2 and α4β4 combinations build functional 
nAChRs, although the current properties differ between 
the two combinations [74]. The down-regulation of β4 in 
SHRs suggests that the prevalent combination in hyper-
tensive rats could be α4β2 rather than α4β4. Assuming 
this, the current flowing through α4β2 nAChRs would 

change in ion channel expression in SHRs targets NaV1.7, 
a sodium channel involved in regulating chromaffin secre-
tory function [59]. As reported [44], the reduced NaV chan-
nel availability (through NaV1.3 and NaV1.7) switches cell 
firing from a repetitive AP firing mode to a bursting activ-
ity, boosting thus hormone exocytosis. At rest, NaV chan-
nels tonically inhibit burst firing and would contribute to 
maintain a low basal CA secretion. In SHRs, the significant 
increase of NaV1.7 would help retaining chromaffin cell to 
spontaneously fire in a tonic mode, sparing the animal from 
the cardiovascular challenge of large amounts of CA secre-
tion during episodes of stress. This is consistent with our 
data showing that basal NE and E secretion is not enhanced 
in SHRs (even decreased for NE). The concomitant 
increased expression of NaV1.7, CaV1.3 and KCa channels 
in SHR chromaffin cells is consonant with data reporting 
that (i) L-type Ca2+ channel activity can upregulate NaV 
channels in endocrine cells [60, 61] and (ii) CaV1.3 and BK/
SK channels are functionally coupled in chromaffin cells 
[54, 58, 62]. Long-term changes in NaV channel expression 
have been also described in endocrine tissues in response to 
stressful situations [63]. Collectively, these findings prompt 
us to propose the provisional sequence of events, that is an 
enhancement of L-type CaV channels and ensuing cytosolic 
calcium followed by a subsequent enhancement of NaV 
and KCa channels as a shielding mechanism to brake CA 
secretion, especially in response to prolonged or repetitive 
stimulations. We have focused here on voltage-gated ion 
channels involved in AP firing, but other ion channels, K+/
Na+ background/leak channels operating at resting mem-
brane potential in particular, are also qualified to modify cell 
excitability [30, 56, 64] and would therefore be interesting 
to investigate.

Weakened synaptic transmission in SHRs

In SHRs, the excitatory neurotransmission between 
splanchnic nerve and chromaffin cells is pre- and post-
synaptically remodeled. According to the quantal theory 
of neurotransmitter release [65], the reduced number of 
sEPSCs in response to a sustained stimulation may relate 
to failures occurring at presynaptic components. Addi-
tionally, and supported by changes occurring postsynap-
tically at nAChRs, the incoming signals would be less 
efficiently integrated by hypertensive cells. The compo-
sition of nAChRs determines the biophysical properties 
and regulatory mechanisms of subsequent ACh-evoked 
EPSCs. In this context, our data showing a remodeling of 
nAChRs subunits in SHRs open up a wide field of discus-
sion. One should keep in mind, however, that the expres-
sion of nAChRs subunits at the protein level may not 
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Reduced CA release in SHRs in response to sustained 
cholinergic stimulations

Our results argue for a decrease in the stimulus-secretion 
coupling efficiency in SHRs. E and NE secretion is attenu-
ated in SHRs, especially in response to high ACh concen-
trations, corroborating findings obtained in isolated adrenal 
medulla in response to a nicotinic stimulation [78]. At rest 
and for lower ACh concentrations, only adrenal NE outflow 
is decreased, as previously reported [78]. This suggests that 
the hypertensive environment (circulating levels of CA 
and other adrenomedullary hormones/factors, adrenocor-
tical secretions…) differentially impacts the mechanisms 
involved in regulating NE and E release. However, besides 
their difference in secretory competence, the hypertensive 
and normotensive medullary tissues are equally readily 
responsive to a cholinergic stimulus, as shown by equiva-
lent stimulation ratios. Interestingly, they differ in the E:NE 
ratios in response to a cholinergic stimulus. Whereas in 
WKY rats, E:NE ratio increases gradually with ACh con-
centration (due to enhanced E release, as expected in a 
healthy adrenal medulla), it remains constant in SHRs, sug-
gesting a dysregulation in the secretory process of E and/or 
morphometric changes of the adrenal medulla. Regarding a 
functional dysregulation, many targets (secretory granules, 
exocytosis.) can be involved and further experiments are 
needed to identify the impaired processes. Alternatively, the 
anatomy of the chromaffin tissue must also be considered. 
Indeed, in adult SHRs, (i) the adrenal medulla is enlarged 
and the dimensional ratio of NE-storing cell lobules is about 
twice as large as that of WKY rats [79], (ii) the NE content 
of SHR medulla is increased by about 2 while E content 
did not significantly differ between SHRs and WKY rats 
[80] and (iii) the number of NE-containing granules in SHR 
chromaffin cells is increased by 1.3 [81].

Several explanations can account for the decreased 
stimulus-secretion coupling efficiency in SHRs. First and 
supported by our electrophysiological data, SHR chromaf-
fin cell less robustly fire upon strong depolarizations. This, 
in association with the remodeling of nAChR subunits, 
likely contributes to lessen electrical activity- and cholin-
ergic-evoked [Ca2+]i rises, and subsequent CA exocytosis. 
Second, downstream changes may also occur, targeting 
for example CA biosynthesis and/or intra-adrenal con-
tent. Regarding this and partly because the animals come 
from different breeding farms, the literature is puzzling, 
that is either an increase or a decrease in activity/mRNA 
expression level of tyrosine hydroxylase (TH), dopamine 
beta-hydroxylase (DbH) and phenylethanolamine N-meth-
yltransferase (PNMT) in adult SHRs have been described 
[82–87]. Similarly, the intra-adrenal CA content in adult 
SHRs has been reported to be either decreased, increased 

then display a lower amplitude and a faster desensitiza-
tion [74]. Collectively, the transcriptional remodeling of 
nAChR subunit expression observed in SHRs converges 
towards a less efficient cholinergic coupling between 
nerve endings and chromaffin cells in hypertensive ani-
mals. It is of note that the stimulation of chromaffin cells 
with ACh not only activates synaptic nAChRs but also 
muscarinic AChRs (mAChRs), which are assumed to be 
extra-synaptically located. As recently reported in iso-
lated chromaffin cells, CA secretion evoked by muscarine 
is enhanced in SHRs [75]. Accordingly, part of the CA 
release assayed in our study may originate from mAChRs 
activation. Further experiments are necessary to fully 
address this issue.

Reduced gap junctional coupling in SHRs

Gap junctional signaling between chromaffin cells is a part 
of regulatory mechanisms involved in stimulus-secretion 
coupling [16, 17, 19, 20]. Although we did not directly 
assess the junctional current, the reduced LY diffusion and 
the decreased Cx43 protein expression level strongly sug-
gest an attenuated gap junctional communication in SHRs. 
Changes in chromaffin cell input resistance and capacitance, 
two parameters impacting the transmission strength and 
therefore the propagated signals [76], also support this state-
ment. Given that gap junction coupling contributes to CA 
secretion [15, 18, 20, 36], a decreased intercellular commu-
nication could be a suitable mechanism whereby the adrenal 
medulla would damper its secretory process, especially in 
response to harmful challenges (such as repetitive stimulat-
ing episodes accompanying stressful situations). Regarding 
gap junctional communication, this would be particularly 
relevant given that (i) the expression of the two main con-
nexins coupling rodent chromaffin cells is increased in 
stressed animals [18, 49, 77] and (ii) PACAP, a major neu-
rotransmitter for stress transduction at the adrenomedul-
lary synapse, can enhance the electrical coupling between 
chromaffin cells [52]. Another interesting point would be to 
follow over time the level of connexin expression (or the 
functional coupling between cells), in relation to the devel-
opment of hypertension. In this context, SHRs would be a 
relevant animal model, as hypertension gradually develops 
with age [22]. In rats, connexin-mediated intercellular cou-
pling between chromaffin cells vary with age [48, 51], but 
also with physiological or pathological conditions [19, 20, 
36], highlighting a major contribution to adrenal stimulus-
secretion coupling. Investigating which changes first, the 
gap junctional communication or the arterial blood pressure, 
would provide a further clue to the dynamic aspect of the 
remodeling that we observed in adult animals with chronic 
hypertension.
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regulatory mechanisms is required. In adult SHRs, in whom 
arterial hypertension is established, plasma E/NE amounts 
do not differ from age-matched WKY rats [11, 23, 90]. This 
nicely parallels our data showing that basal E secretion does 
not differ between SHRs and WKY rats. Regarding basal 
NE, the decreased release we reported here could be seen 
as a discrepancy with the literature, but one should keep in 
mind that while plasma E levels reflect mainly, if not solely, 
the secretory activity of the adrenal medulla, circulating NE 
originates mostly from sympathetic nerve endings. Our data 
on E and NE secretion are, however, in agreement with those 
published by Moura and colleagues, who monitored spon-
taneous E and NE outflows from superfused adrenal glands 
[78]. In the same context, given the importance of CA in 
the control of hemodynamic properties (heart rate, cardiac 
output, blood pressure, vascular tone), the reduced NE out-
flow observed at rest and for lower ACh concentrations 
could be physiologically relevant to mitigate the deleterious 
consequences of a hypertensive environment. Indeed, by 
activating α-adrenoceptors, NE increases peripheral arterial 
resistance and therefore blood pressure. E by acting on both 
α- and β-adrenoceptors has also a hypertensive effect, but in 
a lesser extent compared to NE. Beyond their hemodynamic 
properties, plasma CA, when chronically elevated, can pro-
mote pathophysiological conditions including inflamma-
tion, metabolic disorders, and organ failures [101, 102]. In 
this context, any mechanism aimed at reducing plasma CA 
levels can be considered protective.

In the same line, we can also propose that the remodel-
ing of the adrenal medulla in hypertensive animals could 
prevent excessive energy expenditure at both tissue and 
organism levels. CA synthesis and secretion are energy-
consuming processes [103], so we speculate that weak-
ening the competence of the adrenal medulla to release 
catecholamines could limit this energy cost. In addition, 
since elevated catecholamine secretion is known to induce 
an increase of energy expenditure mediated by metabolism 
stimulation [104], the remodeling we describe here would 
be beneficial to limit catecholamine secretion.

Adrenal medulla-driven adaptive mechanisms are deci-
sive for the ability of an organism to cope with stress ( [77] 
for a recent review) and any dysfunction or imbalance in 
one of these mechanisms can jeopardise its survival. One 
issue, not investigated here, would be to evaluate whether 
and how SHRs and more generally hypertensive animals 
adapt to stress (acute/chronic). Does the hypertensive adre-
nomedullary tissue undergo remodeling of chromaffin cell 
excitability, synaptic cholinergic/peptidergic neurotransmis-
sion and gap junctional coupling, as reported in normoten-
sive stressed animals [18, 31, 36, 49, 77]? Does the adrenal 
medulla in SHRs still competent to secrete CA in response 
to an acute stress, as reported for acute hypoxia-induced CA 

or unchanged [78, 84, 87–90], making it difficult to draw 
any conclusions. Along the same line, the secretory gran-
ules could also be impacted. Of particular interest are the 
granins, major components of chromaffin granules critically 
involved in granulogenesis, granule cargo and exocytosis 
[91, 92]. By regulating circulating CA levels, granins and 
their derived peptides are potent modulators of blood pres-
sure [93–95]. In adult SHRs, the increased adrenal content 
of chromogranin A [84, 89] is likely one of the mecha-
nisms contributing to elevated blood pressure. Of particular 
interest is our finding that basal secretion of NE, but not 
E, is impaired in SHRs, suggesting that molecular targets/
mechanisms are altered in CA biosynthesis pathway. In this 
context, PNMT, the enzyme that methylates NE to form E, 
could be one relevant target. Indeed, in SHRs, PNMT dis-
plays differences in mRNA, protein expression and enzy-
matic activity compared to WKY rats. The expression level 
of Pnmt transcript is up-regulated in adult SHRs [96] with 
conceivable repercussions on the biosynthesis of E from 
NE, although PNMT enzymatic activity does not appear to 
change [97, 98]. Interestingly and reinforcing the idea that 
PNMT is a major target of the hypertension in the adrenal 
tissue, Pnmt mRNA level positively correlates with systolic 
blood pressure [86]. At least two explanations, which are 
not mutually exclusive, could account for the impairment 
of NE secretion, (i) a decrease in NE adrenal content [87, 
99] and/or (ii) an impairment of the exocytosis machinery 
targeting NE-containing secretory granules, as observed for 
the release of NE from SHR sympathetic nerves [100]. This 
latter hypothesis is congruent with the studies reporting an 
increase in NE content in the adrenal glands. Alternatively, 
a different turnover of NE and E would also be a valid 
explanation. So many morphofunctional parameters can be 
remodeled in adult SHRs in relation to NE biosynthesis and 
secretion that it becomes challenging, if not impossible, to 
depict an overview.

Physiological and/or pathological consequences of 
attenuated stimulus-secretion coupling in adult SHRs: a 
shielding mechanism of the adrenal medullary function and/
or impairment of the stress response?

The question is open to debate. From a physiological 
point of view, our finding of a reduced stimulus-secretion 
coupling in the SHR adrenal medulla is functionally rel-
evant and helps to decode how chromaffin cells behave to 
cope with a hypertensive environment, and more generally 
with a chronic hyperactivity as observed during a sustained 
splanchnic nerve firing activity evoked by prolonged stress 
episodes. The reduced release of adrenal CA would also pre-
serve from exhaustion of the secretory process, maintaining 
therefore the tissue still competent for further stimulations, 
particularly with regard to E secretion. To avoid a prolonged 
increase in plasma CA concentration, the implementation of 
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France by our supplier Janvier Labs, we have been unable 
to complete our study and provide data on PACAP-induced 
CA secretion.

Conclusion

The adrenal stimulus-secretion coupling is a dynamic pro-
cess, continuously remodeled according to physiologi-
cal or pathophysiological conditions [46, 108]. Whereas 
acute CA needs (as required during stressful situations) are 
associated with an increased stimulus-secretion coupling 
efficiency [18, 36, 49], a long-lasting impregnation of the 
adrenal medullary tissue with high circulating CA levels (as 
seen during the development of hypertension, for example) 
would correlate with reduced competence of stimulus-
secretion coupling. Other chronic pathological conditions 
can threaten the body’s homeostasis and activate the adrenal 
glands. Chronic intermittent hypoxia (IH), in this respect, 
is an interesting example, in which the adrenal glands play 
a major role [109]. Interestingly, chronic IH stimulates CA 
efflux from the adrenal medulla, which contributes at least 
in part to increased blood pressure. More remarkably, in a 
chronic IH environment, CA (E and NE) secretion evoked 
by high nicotine concentration is reduced [105]. It would be 
interesting to determine whether the mechanisms described 
in our study can also be implemented in chronic IH and more 
generally in other situations of chronic alterations of physi-
ological parameters leading to adrenal gland activation.

From a pathophysiological point of view, the develop-
ment of a chronic hypertensive environment in the SHR not 
only affects the adrenomedullary tissue, but also targets other 
tissues and organs, leading to alterations in other physiolog-
ical functions. In this context, the neuroendocrine effects of 
E on metabolic, behavioural and cognitive status of SHRs 
are at the forefront [110, 111]. In behavioural tests, the SHR 
exhibits increased locomotor activity and reduced anxiety 
[112–115], leading it to be proposed as an animal model 
for Attention Deficit Hyperactivity Disorder [116]. Learning 
and memory processes are also modified, due at least in part 
to increased glucose levels in response to E [117, 118]. As 
such, chronic arterial hypertension has repercussions on the 
entire body, threatening its homeostasis. In this context and 
which can then be considered as a protective mechanism, 
limiting CA secretion in order not to amplify the hyperten-
sive pathology can take on its full meaning.
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release in rats with chronic intermittent hypoxia [105]? The 
observation of a decrease in the surface area of NE-stor-
ing cell islets in adult SHR subjected to rotating exercise 
is consistent with a positive answer to this question [106]. 
In this context of stress-induced adrenomedullary response, 
PACAP, a major stress transmitter at the splanchnic nerve-
chromaffin cell synapse [42], is certainly an avenue to 
explore in rats. Our data showing an alteration of the elec-
trical response to PACAP together with (i) the previously 
reported effect of PACAP on Pnmt gene expression [107] 
and (ii) an increased expression of Pnmt mRNA and protein 
levels in SHRs [86, 96] may suggest altered (defective?) 
adrenergic transduction pathways/function in SHRs. From 
a functional point of view, the issue of whether PACAP-
evoked CA secretion is impaired in SHRs (as was found 
here for ACh-stimulated secretion) would deserve further 
attention.

Limitations

In our study, we used only male rats and thus we do not 
know whether any of the identified mechanisms support-
ing the adaptive remodeling in a chronic hypertensive 
environment interact with sex. To use sex as a covariate 
would require a larger number of animals, which was not 
logistically and financially feasible. We chose to use males 
rather than females for compatibility with existing data, as 
the majority of published data on adrenal stimulus-secre-
tion coupling were in male rats. Additionally, using males 
avoided inter-individual variation due to estrous cycle. This 
is particularly relevant for experiments investigating the 
remodeling of gap junction-mediated coupling, as Cx43 
expression is hormone-sensitive.

Other limitations of our study were (i) to only use adult 
animals while hypertension develops gradually from young/
juvenile age, occluding thus the time course of the changes. 
Here again, our choice was dictated by logistically and 
financially concerns, and (ii) to investigate the remodeling 
of stimulus-secretion coupling in unstressed animals. As E 
is the main catecholamine secreted in response to stress, it 
would have been relevant to carry out further experiments in 
stressed animals, in which we know that the stimulus-secre-
tion coupling in chromaffin cells remodels. This would have 
helped to compare E is secreted under basal (i.e. unstressed 
animals) and stimulated conditions (stressed animals), and 
perhaps to highlight different mechanisms between these 
two situations.

A final limitation of our study deals with PACAP, with the 
unresolved questions of whether or not PACAP triggers CA 
secretion in rat chromaffin cells, as reported in mouse [41, 
43] and if so, whether PACAP-induced CA release is altered 
in SHRs. Due to the discontinuation of SHRs production in 
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