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Abstract
The hypersecretory phenotype of adrenal chromaffin cells (CCs) from early spontaneously hypertensive rats (SHRs) mainly 

results from enhanced  Ca2+-induced  Ca2+-release (CICR). A key question is if these abnormalities can be traced to the 

prehypertensive stage. Spontaneous and stimulus-induced catecholamine exocytosis, intracellular  Ca2+ signals, and dense-

core granule size and density were examined in CCs from prehypertensive and hypertensive SHRs and compared with age-

matched Wistar-Kyoto rats (WKY). During the prehypertensive stage, the depolarization-elicited catecholamine exocytosis 

was ~ 2.9-fold greater in SHR than in WKY CCs. Interestingly, in half of CCs the exocytosis was indistinguishable from 

WKY CCs, while it was between 3- and sixfold larger in the other half. Likewise, caffeine-induced exocytosis was ~ twofold 

larger in prehypertensive SHR. Accordingly, depolarization and caffeine application elicited  [Ca2+]i rises ~ 1.5-fold larger 

in prehypertensive SHR than in WKY CCs. Ryanodine reduced the depolarization-induced secretion in prehypertensive 

SHR by 57%, compared to 14% in WKY CCs, suggesting a greater contribution of intracellular  Ca2+ release to exocytosis. 

In SHR CCs, the mean spike amplitude and charge per spike were significantly larger than in WKY CCs, regardless of age 

and stimulus type. This difference in granule content could explain in part the enhanced exocytosis in SHR CCs. However, 

electron microscopy did not reveal significant differences in granule size between SHRs and WKY rats’ adrenal medulla. 

Nonetheless, preSHR and hypSHR display 63% and 82% more granules than WKY, which could explain in part the enhanced 

catecholamine secretion. The mechanism responsible for the heterogeneous population of prehypertensive SHR CCs and the 

bias towards secreting more medium and large granules remains unexplained.

Keywords Catecholamine secretion · Intracellular calcium · Adrenal medulla · Chromaffin cell · Hypertension · 

Prehypertensive stage

Introduction

The most frequent sign of cardiovascular disease in humans 

is essential hypertension, which begins after a relatively 

long asymptomatic prehypertensive period. The disease 

progresses to early hypertension between 20 and 40 years 

old, mainly due to increased cardiac output. Then hyper-

tension, characterized by increased peripheral resistance, 

becomes established. Finally, between 40 and 60 years old, 

complicated hypertension arises, characterized by damage 
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to the aorta and small arteries, heart, kidneys, retina, and 

central nervous system.

The spontaneously hypertensive rat (SHR) strain, estab-

lished in Kyoto, Japan, by selective inbreeding of the Wistar 

strain [34], is a prototypical animal model of essential hyper-

tension [22, 37]. An autonomic imbalance has been sug-

gested among the essential hypertension causal mechanisms, 

where the sympathetic tone surpasses the parasympathetic 

tone [7, 13, 20, 37]. In the SHR model, the evidence sup-

ports that both the sympathetic nervous system (SNS) and 

the adrenal medulla participate in hypertension’s origin 

and maintenance [4, 6]: Sympathectomy in neonatal SHRs 

can delay hypertension onset, but adult blood pressure is 

still above age-matched WKY rats [27]. Bilateral adrenal 

demedullation (surgical removal of the adrenal medulla) in 

juvenile SHRs attenuated but did not prevent hypertension 

[6]. Only sympathectomy plus demedullation of juvenile 

SHRs prevent adult hypertension [27]. Guanethidine, which 

causes permanent sympathectomy without affecting adre-

nal chromaffin cells, lowered resting tachycardia, improved 

baroreflex sensitivity, and attenuated stress responses in the 

adult SHR [47]. However, high blood pressure reappeared, 

presumably, because sympathectomy is counteracted by an 

enhanced expression of catecholamine biosynthetic enzymes 

in the adrenal gland, elevated plasma adrenaline levels, and 

increased vascular sensitivity to catecholamines [47].

The sympathetic nervous system is hyperactive in both 

essential hypertension patients [3, 15] and SHRs [38]. Like-

wise, plasmatic catecholamine levels are higher in human 

patients [8, 11–13] and SHRs [20, 21]. Establishing the time 

course of catecholamine hypersecretion in CCs is crucial to 

understand hypertension’s origin: It has been reported that 

both adrenaline (AD) and noradrenaline (NA) plasma lev-

els are elevated in prehypertensive SHRs (5–7 weeks old). 

Nonetheless, after 24 weeks of age, only NA levels remain 

elevated, and that both AD and NA plasma levels nearly 

return to normotensive levels in SHR after 12 months of 

age [36].

Previously, we reported that membrane depolarization 

and caffeine application triggered  [Ca2+]i elevations and 

catecholamine secretion 2–threefold greater in CCs from 

early hypertensive SHRs (7 to 12 weeks of age) than age-

matched WKY rats CCs [39]. Since the enhanced responses 

of SHR CCs were suppressed by ryanodine, we concluded 

that the underlying mechanism is an augmented gain of the 

 Ca2+-induced  Ca2+-release (CICR) mechanism in SHRs 

[39].

Some unresolved questions addressed in the study are as 

follows: which abnormalities from early hypertension can 

be traced to the prehypertensive stage? Do CCs from prehy-

pertensive SHRs display augmented catecholamine secre-

tion? If so, how does the hypersecretory phenotype develops 

in the CCs population? An increased gain of  Ca2+-induced 

 Ca2+-release also underlies the enhanced catecholamine exo-

cytosis? In order to address these questions, spontaneous and 

stimulus-induced catecholamine exocytosis and intracellular 

 Ca2+ signals were examined in CCs from prehypertensive 

(4–5 weeks old) and hypertensive (12 weeks old) SHRs. 

Also, the size and density of dense-core granules were com-

pared with age-matched normotensive WKY CCs.

Methods

Animals

All experimental procedures were performed under the 

guidelines of the Mexican Guide for the Care and Use 

of Laboratory Animals of the Secretary of Agriculture 

(SAGARPA NOM-062-Z00-199) and approved by the 

Institutional Committee for the Care and Use of Laboratory 

Animals (CICUAL-IFC: protocol #AHC24-141). Eighteen 

male prehypertensive SHRs (preSHR: 4–5 weeks old) and 

fifteen age-matched male Wistar Kyoto (WKY) rats were 

used, as well as fifteen hypertensives (hypSHR: 12 weeks 

old) and twelve age-matched male WKY rats. Animals 

initially purchased from Charles River Labs (Wilmington, 

USA) have been bred and housed in our animal facility 

for ~ 2 years under temperature-control (22 °C) and a 12-h 

light/dark cycle. Rats received standard laboratory chow and 

tap water ad libitum.

Blood pressure measurements

Animals were subject to blood pressure (BP) measurements 

between 10:00 a.m. and 2:00 p.m. via a non-invasive tail-cuff 

plethysmograph (Panlab model LE5002; Harvard Apparatus, 

USA). Animals were first placed into a restraining device 

for 10–15 min to avoid unnecessary stress during measure-

ments. The sensing cuff was positioned on the tail base while 

a heating pad set to 30 °C was placed underneath. Three days 

prior and on the day of the animal’s euthanasia, systolic and 

diastolic blood pressure and heart rate were measured 3–4 

times over a half-hour period, and values were averaged.

Preparation of primary cultures of chromaffin cells

Primary cultures of adrenal chromaffin cells (CCs) were 

performed as in [42]: Rats were anesthetized with keta-

mine (75 mg/kg) and xylazine (5 mg/kg) i.p and sacrificed 

by decapitation. The adrenal glands were removed and 

immersed in sterile ice-cold Krebs–Ringer Bicarbonate 

solution (KRB) containing (in millimolar): 125 NaCl, 2.5 

KCl, 2  CaCl2, 1  MgCl2, 26  NaHCO3, 1.25  NaH2PO4, and 10 

glucose continuously gassed with 95%  O2–5%  CO2. Adrenal 

medullas were separated and incubated in  Ca2+/Mg2+-free 
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Hank’s culture medium pH = 7.4 (Sigma-Aldrich, St Louis, 

MO, USA) with 2 mg/mL collagenase type-1 (Worthington 

Biochem Corp., Lakewood, NJ, US) and 2 mg/mL DNAse 

type-1 (Sigma-Aldrich) for 20 min at 37 °C. After the enzy-

matic digestion, glands were washed with cold KRB and 

triturated with a fire-polished siliconized Pasteur pipette. 

The cell suspension was centrifuged, and the pellet resus-

pended in Dulbecco’s modified eagle medium (DMEM, 

Gibco) supplemented with 10% fetal bovine serum (Gibco), 

5 μg/mL insulin (Sigma-Aldrich), 10,000 U penicillin, and 

10 mg/mL streptomycin (Sigma-Aldrich). CCs were seeded 

on poly-L-lysine (Sigma-Aldrich) treated glass coverslips 

placed in 12-well cell culture plates  (103–104 cells per well; 

Costar Corning, New York, NY, USA. Cultures were main-

tained at 37 °C (5%  CO2), and experiments were performed 

24–48 h after plating.

Recording of amperometric spikes

Recording microelectrodes were made as in [49]. A carbon 

fiber 10 μm in diameter was inserted in a yellow plastic 

pipette tip, insulated with polypropylene, and connected to 

the amplifier with mercury. Microelectrodes connected to 

the amplifier’s head stage were calibrated by exposing their 

tip to 50 μM adrenaline (see below). Insensitive electrodes 

(amperometric current < 200 pA) were discarded. Cultured 

CCs were placed in the bottom of a plexiglass chamber 

attached to the stage of an upright microscope (Eclipse 

FNI, Nikon) equipped with a water immersion × 20 objec-

tive and continuously perfused with Krebs Ringer-HEPES 

solution (KRH) containing (in millimolar) 135 mM NaCl, 

4.7 mM KCl, 1.2 mM  KH2PO4, 1.2 mM  MgCl2, 2.5 mM 

 CaCl2, 10 mM glucose, and 15 mM HEPES, and pH = 7.4 

adjusted with NaOH). For amperometric current recordings, 

the microelectrode tip was placed gently on the CC surface, 

with the aid of a micromanipulator (MPC-200 Sutter Instru-

ment Company, Novato, CA, USA), and current recordings 

were performed with an EPC-10 amplifier under voltage-

clamp mode running the PatchMaster software (HEKA 

Electronics, Lambrecht, Germany). The electrode potential 

was clamped at 700 mV, and current data were acquired at 

4 kHz. First, the cell under-recording remained undisturbed 

for 5 min. Then it was rapidly exposed to a puff of high  K+ 

solution (KCl 60 mM, NaCl 80 mM,  CaCl2 2 mM, HEPES 

10 mM, pH = 7.4) for 5 s delivered by a puffer pipette to 

depolarize the cell, activate voltage-gated  Ca2+ channels, 

and trigger amperometric spikes (the oxidation product of 

catecholamine released from a single secretory granule). 

In separate experiments, CCs were stimulated with a 10-s 

long puff of KRH solution containing 10 mM caffeine. The 

effects of incubating cells with ryanodine (10 μM; 10 min) 

were also examined. Solutions were applied through an elec-

tronic valve-controlled puffer tip located near (~ 100 μm) of 

the cells under study. Recordings were performed at room 

temperature (22–24 °C).

Intracellular  Ca2+ imaging

Coverslips with CCs were incubated with 2 μM of the cell-

permeable fluorescent  Ca2+ indicator Fluo-4 AM (Molec-

ular Probes, Life Technologies) at room temperature for 

30 min. Then, the coverslip was placed in a recording cham-

ber attached to the stage of an upright microscope (Nikon 

Eclipse 80i, Japan) and continuously perfused (2 mL/min) 

with KRH solution by gravity. Fluo-4 was excited at 488 nm 

with an argon laser (Laser Physics, Reliant 100 s488, West 

Jordan, UT), coupled to a Yokogawa spin-disk confocal scan 

head (CSU10B, Yokogawa Electronic Co., Tokyo, Japan). 

Excitation light was band passed to 488 nm, and emitted 

fluorescence was band-passed (510 nm) before its reflection 

into the camera port. Fluorescence images were acquired 

(10 ms exposure every 500 ms) with a water-immersion, 

Nikon objective (× 40, 0.8 NA), and a cooled digital CCD 

camera (Andor Technology iXon 897, Oxford Instruments, 

High Wycombe, UK) controlled by the iQ software (Andor 

iQ version 1.10.2). Fluorescence images from unperturbed 

CCs perfused with KRH solution were acquired for 60 s. 

Then, cells were stimulated first with a 5 s-long pulse of 

high  K+ solution (KCl 60 mM), and 60 s later, by a 10-s-long 

caffeine application (10 mM caffeine in KRH). Fluorescence 

image sequences (movies) of CCs were saved in multi-tiff 

format and processed and analyzed with macros written 

in Image J version 1.38 (National Institutes of Health). 

Raw movies were converted to ΔF movies: ΔF = F(i) − F0, 

where F0 is the result of averaging the first five frames of 

the sequence, and  F(i) represents any (i) fluorescence image 

of the set. Regions of interest (ROIs) were drawn around 

the contour of each cell that responded to high  K+ with a 

fluorescence increase (SD > 5 ± 0.5). These ROIs were 

used for single-cell quantification of ΔF over time.  Ca2+ 

imaging experiments were performed at room temperature 

(22–24 °C).

Transmission electron microscopy

The sample preparation was as in [19] with few modifica-

tions. Adrenal glands were dissected, and 2–3  mm3 tissue 

blocks were cut and fixed with 2.5% glutaraldehyde in a 

0.2 M cacodylate buffer pH = 7.2 for 6 h at 4 °C. Then, tissue 

blocks were washed with cacodylate buffer and post-fixed 

with 1% osmium tetroxide in 0.2 M cacodylate buffer for 2 h 

at 4 °C, followed by further washing (3 × 10 min) in caco-

dylate buffer. The blocks were stained with 2% (v/v) ura-

nyl acetate for 2 h. Subsequently, the samples were washed 

and dehydrated in an ascending ethanol series (30%, 50%, 

70%, 95%; 15 min each, and then 99% ethanol twice for 
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15 min). Then tissue blocks were treated with propylene 

oxide for 30 min, embedded in epoxy resin, and polymerized 

for 48 h at 60 °C. Ultrathin Sects. (70 nm) were cut using a 

Reichert-Jung Ultracut ultramicrotome and then placed on 

copper grids and stained with uranyl acetate for 5 min and 

lead citrate for 1 min. Images were acquired using a JEOL-

JEM-1200 TEM equipped with a CCD digital camera Orius 

GATAN.

Data analysis and statistics

Individual amperometric spikes were analyzed using the 

Quanta Analysis 8.20 program running under Igor Pro 

software (Wavemetrics, Portland, OR, USA) [32], allow-

ing peak detection and integration plus the calculation of 

kinetic parameters. The threshold to detect spikes was set at 

twice the standard deviation of the noise. Only spikes posi-

tive and monophasic that returned to baseline were analyzed. 

GraphPad Prism version 6.0 for Windows (San Diego, CA, 

USA) was used for statistical analysis, frequency histograms, 

and Gaussian curve fitting.

For electron transmission analysis, we used the Image 

J software. The area of individual CCs within the plasma 

membrane boundaries, excluding the nucleus, was selected 

for measurements. The Image J plug-in to detected parti-

cles automatically was used. After establishing a suitable 

threshold, we unambiguously identified the dense core gran-

ules and measured their area. We then calculated the radius 

assuming circular shapes from these areas. Graphs and sta-

tistical analyses were made using GraphPad Prisma version 

8.0 for Windows. Results are expressed as mean ± SEM. 

The unpaired t-test was used, and in some cases, a one-way 

ANOVA test followed by Tukey’s multiple comparison test. 

One-way ANOVA followed by Dunnett’s post hoc test was 

used to establish the statistical difference between the pre-
SHR groups. The Kolmogorov–Smirnov test was used to 

compare the distribution of granules sizes in CCs. A p < 0.05 

was taken as a limit of significance.

Results

Blood pressure and heart rate

Systolic and diastolic BP values from 4–5 weeks old, 

prehypertensive SHRs (preSHR) were 114.2 ± 3 and 

83 ± 2  mmHg (mean ± SEM n = 18 rats), respectively. 

Age-matched normotensive WKY rats had similar val-

ues: 109 ± 2  mmHg systolic and 80 ± 2  mmHg dias-

tolic (mean ± SEM; n = 15 rats; p = 0.117). The resting 

heart rate of preSHR and age-matched normotensive 

WKY rats was also similar (360 ± 12 versus 364 ± 15 

beats per minute; mean ± SEM, p = 0.84). In contrast, in 

12-week-old hypSHR rats, systolic and diastolic BP val-

ues were 154 ± 3 and 106 ± 4 mmHg, n = 14 rats, while 

in age-matched WKY rats, systolic and diastolic BP 

values were 109 ± 2 mmHg systolic and 80 ± 2 mmHg 

diastolic (mean ± SEM; n = 12 rats; p < 0.0001). Accord-

ingly, in preSHR rats, the heart rate was similar to age-

matched WKY rats (360 ± 12 vs. 364 ± 15 beats per min, 

mean ± SEM; p = 0.84), while in hypSHR rats, it was 

significantly faster than in WKY rats (444 ± 10 versus 

360 ± 14 beats per min; mean ± SEM; p = 0.003).

Spontaneous rate of catecholamines exocytosis 

in preSHR CCs

Basal catecholamine secretion was recorded from individual 

cultured CCs. Only cells that responded to the stimuli (see 

below) were included in the analysis. Spontaneous exocy-

tosis was present in 81.2% of WKY and 87.5% of preSHR 

CCs (Table 1, Fig. 1a, b). The total number of spontaneous 

spikes generated during 5 min is not significantly different 

(Table 1). Figure 1c shows the time course of cumulative 

charge (time integral) of amperometric spikes at 10-s inter-

vals in preSHR and WKY CCs. After 5 min of recording, the 

peak cumulative charge in preSHR is 1.5-fold higher than in 

WKY CCs, but the difference is not significant (23.5 ± 4.5 

pC versus 15.1 ± 3.2 pC; mean ± SEM; p = 0.18). Of all 

the spike parameters measured (charge per spike, spike 

amplitude, half-width, number of spikes), only the charge 

per spike is significantly larger in preSHR CC (1.5-fold; 

Table 1). Amplitude distribution histograms of spontane-

ous amperometric spikes are shown in Fig. 1d. Their analysis 

revealed that large spikes (190–290 pA) tend to occur more 

often in preSHR than in WKY CCs (Table 2).

Spontaneous rate of catecholamines exocytosis 

in hypSHR CCs

Figures 1 e and f illustrate representative amperometric 

recordings from hypSHR and age-matched WKY CCs. 

Figure 1g shows the time course of the cumulative charge 

in both strains. After 5-min recording, the peak cumula-

tive charge is 1.5-fold larger in hypSHR than in WKY CCs 

(21.1 ± 3.5 pC versus 14.2 ± 3.5 pC; mean ± SEM; p = 0.19). 

This difference is not significant (Table 1), although the 

charge per spike and spike amplitude are significantly larger 

in hypSHR CCs (Table 1; see the “Discussion” section). The 

amplitude distribution histograms of spontaneous ampero-

metric spikes shown in Fig. 1h gives that medium (50–190 

pA) and large spikes (190–290 pA) are more frequent in 

hypSHR than in WKY CCs (Table 2).
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Depolarization-induced catecholamines exocytosis 

from preSHR CCs

A brief application of a depolarizing solution triggers 

robust  Ca2+-mediated exocytosis in CCs [7]. To charac-

terize this secretory response, amperometric recordings 

from 4 to 5 weeks old preSHRs CCs and age-matched 

WKY rats were compared. A shown in Fig. 2 a and b, 

the amperometric responses of preSHR CCs are more 

robust and longer-lasting than WKY CCs. Recordings 

from three different preSHR CCs are shown in Fig. 2b. 

The latency between the stimulus onset and the first 

amperometric spike preSHR CCs and WKY is similar 

(1.4 ± 0.18 s versus 1.1 ± 0.23 s; mean ± SEM; p = 0.75; 

see Table 1).

Figure 2c compares the time course of cumulative charge 

at 2-s intervals. After 60 s of recording, the peak cumulative 

charge is 2.9-fold greater in preSHR than in WKY CCs. Like-

wise, all spike parameters, namely: charge per spike, spike 

peak amplitude, half-width, and the total number of spikes, 

were significantly greater in preSHR than in WKY CCs 

(Table 1). Figure 2e compares the amplitude distribution of 

depolarization-induced amperometric spikes from CCs of 

both strains. The mean spike amplitude of preSHR is signifi-

cantly larger than WKY CCs (66.8 ± 2.9 versus 46.2 ± 2.1 pA; 

mean ± SEM; p < 0.0001). More medium (50–190 pA) and 

large spikes (190–290 pA) were recorded from preSHR than 

WKY CCs (Table 2). These results demonstrate that CCs from 

preSHRs display more vigorous catecholamine secretion in 

response to membrane depolarization than WKY CCs.

Table 1  Kinetic parameters of amperometric spikes recorded from 

CCs of pre-hypertensive and hypertensive SHR (4–5  weeks and 

12  weeks respectively) in comparison with age-matched normoten-

sive WKY rats. Data are mean ± SEM. n indicates the number of 

cells. *p < 0.05. Unpaired t-test. One-way ANOVA after Dunnett’s 

post hoc test

Spontaneous Active cells % Cumulative 
charge (pC)

Charge/spike 
(pC)

Spike Ampli-
tude (pA)

Half-width t1/2 
(ms)

Number 
of spikes 
recorded

WKY (4–5 w; 

n = 13)

81.2 15.1 ± 3.2 0.70 ± 0.06 43.8 ± 3.1 10.4 ± 0.7 13.4 ± 1.6

preSHR (4–5 w; 

n = 21)

87.5 23.5 ± 4.5

(p = 0.18)

1.08 ± 0.05*

(p = 0.002)

51.7 ± 2.9

(p = 0.09)

11.6 ± 0.4

(n = 0.17)

17.6 ± 2.6

(p = 0.22)

 WKY (12 w; 

n = 8)

80 14.2 ± 3.5 0.67 ± 0.04 58.1 ± 4.1 8.6 ± 0.6 21.0 ± 4.7

 hypSHR (12 w; 

n = 7)

77.7 21.1 ± 3.5

(p = 0.19)

0.88 ± 0.05*

(p = 0.003)

76.4 ± 5.8*

(p = 0.01)

7.2 ± 0.4

(p = 0.06)

24.4 ± 5.6

(p = 0.64)

Depolarization Latency to first 
spike (sec)

Cumulative 
charge (pC)

Charge/spike 
(pC)

Spike ampli-
tude (pA)

Half-width t1/2 
(ms)

Number of 
spikes

Burst 
dura-
tion 
(sec)

 WKY (4–5 w; 

n = 16)

1.1 ± 0.23 21.3 ± 2.3 0.68 ± 0.06 46.2 ± 2.1 9.7 ± 0.3 33.0 ± 4.8 20

 preSHR (4–5 w; 

n = 24)

1.4 ± 0.18

(p = 0.75)

61.8 ± 2.7*

(p = 0.0009)

0.97 ± 0.02*

(p < 0.0001)

66.8 ± 2.9*

(p < 0.0001)

11.6 ± 0.2*

(p < 0.0001)

57.8 ± 7.8*

(p = 0.03)

38

Subgroup 1 

(n = 12)

1.5 ± 0.30

(p = 0.54)

23.69 ± 1.5

(p = 0.99)

0.73 ± 0.03

(p = 0.93)

48.3 ± 2.7

(p = 0.99)

10.1 ± 0.4

(p = 0.76)

32.5 ± 4.2

(p = 0.66)

31

Subgroup 2 

(n = 7)

1.2 ± 0.18

(p = 0.99)

71.7 ± 9.0*

(p = 0.001)

0.86 ± 0.03*

(p = 0.04)

51.4 ± 2.3

(p = 0.78)

11.9 ± 0.2*

(p < 0.0001)

69.2 ± 15.7*

(p = 0.03)

35

Subgroup 3 

(n = 5)

1.3 ± 0.31

(p = 0.98)

127.3 ± 10.1*

(p < 0.0001)

1.28 ± 0.06*

(p < 0.0001)

110.7 ± 8.8*

(p < 0.0001)

12.5 ± 0.4*

(p < 0.0001)

105.2 ± 10.1*

(p < 0.0001)

20

 WKY (12 w; 

n = 10)

0.91 ± 0.23 25.9 ± 4.8 0.91 ± 0.04 74.4 ± 4.7 9.5 ± 0.3 29.1 ± 5.8 20

hypSHR (12 w; 

n = 9)

1.20 ± 0.17 

(p = 0.35)

71.7 ± 10.3*

(p = 0.0008)

1.2 ± 0.04*

(p = 0.001)

115.9 ± 6.1*

(p < 0.0001)

8.1 ± 0.2*

(p = 0.003)

57.7 ± 6.2*

(p = 0.007)

35

Caffeine

  WKY (4–5 w; 

n = 9)

3.2 ± 0.65 10.8 ± 1.5 0.51 ± 0.03 39.5 ± 2.4 7.6 ± 0.4 20.8 ± 2.1 6–8

  preSHR (4–5 

w; n = 9)

3.4 ± 1.1 20.3 ± 3.6*

(p = 0.01)

0.68 ± 0.04*

(p = 0.012)

46.9 ± 2.7*

(p = 0.04)

10.5 ± 0.4*

(p < 0.0001)

28.3 ± 4.8

(p = 0.15)

6–8
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The peak cumulative charge data of CCs from preSHRs 
(n = 24 cells) showed more variability than WKY CCs (Fig. 2c). 

Hence, we arbitrarily divided the preSHR data into three sub-
groups according to their peak cumulative charge: subgroup 1 

(12/24): CCs with peak cumulative charge comparable to WKY 

CCs (p = 0.99); subgroup 2 (7/24): CCs with peak cumulative 

charge ~ threefold larger than WKY CCs (p = 0.001); subgroup 
3 (5/24): CCs with peak cumulative charge ~ sixfold larger than 

Fig. 1  Spontaneous catecho-

lamine exocytosis from single 

cultured preSHR and hypSHR 

chromaffin cells (CCs). a, b 

Representative amperometric 

recordings from a WKY (a) 

and a preSHR (b) CCs. c Time 

course of cumulative charge 

at 10-s intervals for WKY 

(black triangles) and preSHR 

(gray triangles; parenthesis: 

number of cells analyzed, from 

3 different cultures) CCs. After 

5 min of recording, the peak 

cumulative charge in preSHR 

is 1.5-fold higher than in WKY 

CCs. d Amplitude distribution 

histograms of spontaneous 

amperometric spikes recorded 

from WKY (black bars) and 

preSHR (gray bars) CCs. Large 

spikes (190–290 pA) occurred 

more often in preSHR CCs than 

in WKY CCs (parenthesis: total 

number of spikes analyzed). e, 

f Representative amperometric 

recordings from a WKY CC (e) 

and a hypSHR CC (f). g Time 

course of cumulative charge at 

10-s intervals in hypSHRs (gray 

squares) and WKY CCs (black 

squares; parenthesis: number of 

cells analyzed from 3 different 

cultures). h Amplitude distribu-

tion histograms of spontaneous 

amperometric spikes recorded 

from WKY CCs (black bars) 

and hypSHR CCs (gray bars). 

Medium and large spikes are 

recorded more often in preSHR 

CCs than in WKY CCs (see 

Table 2)
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WKY CCs (p < 0.0001). Figure 2b exemplifies an amperomet-

ric recording from each group, and Fig. 2d compares the time 

courses of cumulative charge.

The latency to the first amperometric spike in subgroup 
1 is longer than in WKY CCs (1.5 ± 0.3 s versus 1.1 ± 0.2 s; 

mean ± SEM; p = 0.75; see Table 1), but the difference is not 

significant. Likewise, all the spike parameters (peak cumula-

tive charge, charge per spike, peak amplitude, the total num-

ber of spikes) of subgroup 1 are very similar to age-matched 

WKY CCs. In contrast, the spike parameters of subgroups 2 

and 3 (except for spike amplitude in subgroup 2) have values 

significantly greater than WKY CCs (Table 1). The differences 

among subgroups 2 and 3 are also significant. In particular, the 

cumulative charge, the charge per spike, and the spike amplitude 

of CCs from subgroup 3 are 1.7, 1.4, and 2.1-fold greater than 

those of subgroup 2 (Table 1). From these results, it can be con-

cluded that the secretion rate of CCs from subgroup 1 is almost 

indistinguishable from age-matched WKY CCs, while CCs from 

subgroups 2 and 3 can be characterized as super-secretory and 

hyper-secretory, respectively (see Fig. 2d and Table 1).

Depolarization-induced catecholamine exocytosis 

in hypSHR CCs

Next, we compared depolarization-induced catecholamine 

secretion of CCs from hypSHR versus age-matched WKY CCs. 

Representative amperometric recordings are shown in Fig. 3 a 

and b. Figure 3c compares the time course of cumulative charge 

from these two strains. After 60 s of recording, the peak cumu-

lative charge of hypSHR is ~ 2.8-fold higher than age-matched 

WKY CCs (Table 1). Accordingly, the spike parameters of hyp-
SHR (except the number of spikes) are between 1.3- and 2.0-fold 

bigger in hypSHR than WKY CCs (Table 1). The amplitude 

distributions of depolarization-induced amperometric spikes 

recorded from CCs of hypSHR and WKY are shown in Fig. 3d. 

The difference in mean spike amplitude between hypSHR and 

WKY CCs (115.9 ± 6.1 pA versus 74.4 ± 4.7 pA; mean ± SEM; 
p < 0.0001) may be explained by a more significant proportion 

of large spikes (190–290 pA), and fewer medium (50–190 pA) 

and small spikes (0–50 pA) in hypSHRs CCs (Table 2).

Caffeine-induced release of catecholamines 

from preSHR CCs

Caffeine was applied to assess the contribution of  Ca2+ 

release from the endoplasmic reticulum (ER) to catecho-

lamine exocytosis (see “Methods” section). When the ER 

contains enough  Ca2+, caffeine opens RyRs, producing 

an  [Ca2+]i rise that triggers robust catecholamine exocy-

tosis [18, 19, 28]. In contrast to membrane depolariza-

tion, where the first exocytotic events occur after a brief 

delay (< 1.5 s), the caffeine-induced response begins after 

a significantly longer delay (3.2 ± 0.6 s and 3.4 ± 1.1 s; 

mean ± SEM; WKY and preSHR CCs, respectively) and 

comprises a bump-like elevation above baseline with a 

burst of amperometric spikes riding on top [30]. Both 

components ceased after approximately 10 s, although 

slow spiking may continue after 50 s or more (Fig. 4a, 

b). Figure 4c compares the time course of the cumulative 

charge of each strain. After 60 s of caffeine application, the 

Table 2  Percentages of small 

(0–50 pA), medium (50–190 

pA), and large (190–290 pA) 

amperometric spikes recorded 

from preSHR, hypSHR, and 

age-matched WKY CCs. Data 

are mean ± SEM. n indicates the 

number of spikes *p<0.05

Strain (age) Spontaneous
Small % Medium % Large % Mean spike amplitude

WKY (4–5 w) n = 175 62.0 34.3 3.7 43.8 ± 3.1

preSHR 4–5 w n = 370 65.4 27.4 7.2 51.7 ± 2.9

(p = 0.09)

WKY (12 w) n = 168 56.3 36.9 6.8 58.1 ± 4.1

hypSHR (12 w) n = 171 47.5 43.5 9.0 76.4 ± 5.8*

(p = 0.01)

Depolarization
Small % Medium % Large % Mean spike amplitude

WKY (4–5 w) n = 528 64.3 32.2 3.5 46.2 ± 2.1

preSHR (4–5 w) n = 1387 57.2 35.8 7.0 66.8 ± 2.9*

(p < 0.0001)

WKY (12 w) n = 291 38.8 53.8 7.4 74.4 ± 4.7

hypSHR (12 w) n = 529 33.4 50.1 16.5 115.9 ± 6.1*

(p < 0.0001)

Caffeine
Small % Medium % Large % Mean spike amplitude

WKY (4–5 w) n = 188 69.9 28.8 1.3 39.5 ± 2.4

preSHR (4–5 w) n = 255 65.2 33.3 1.5 46.9 ± 2.7

(p = 0.004)
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peak cumulative charge is nearly 1.9-fold greater in pre-
SHR than in WKY CCs (Table 1; see also [39]). Accord-

ingly, all spike parameters of caffeine-induced exocytosis 

(except the number of spikes) were significantly aug-

mented in preSHR CCs compared to WKY CCs (Table 2). 

Figure 4d compares the amplitude distribution of caffeine-

induced amperometric spikes. Medium (50–190 pA) and 

large (190–290 pA) spikes occurred more often in preSHR 

CCs than in WKY CCs (Table 2). These data agree with 

an earlier study in CC from SHRs with early hypertension 

[39] (see the “Discussion” section).

Fig. 2  Catecholamine exocytosis elicited by high  K+ depolarization 

in WKY and preSHR chromaffin cells. a, b Representative ampero-

metric recordings from a WKY CC (a) and three preSHR CCs belong 

to subgroups 1, 2, and 3 (b). The response to membrane depolari-

zation is more robust in subgroups 2 and 3 (see explanation in the 

text). c Time course of the cumulative charge at 2-s intervals for 

WKY (black triangles) and preSHR (gray triangles) CCs. After 60 s 

of recording, the peak cumulative charge is 2.8-fold greater in pre-
SHR than in WKY CCs. d Time course of the cumulative charge at 

2-s intervals after the depolarizing stimulus for the three subgroups 

of preSHR CCs (green circles: subgroup 1; blue squares: subgroup 2; 

red triangles: subgroup 3. (parentheses: number of spikes analyzed 

in 5 different cultures). The peak cumulative charge of subgroup 1 

is identical to WKY CCs (p = 0.99), while that of subgroups 2 and 

3 are 3.0-fold and 6.0-fold larger than WKY CCs (p = 0.001 and 

p < 0.0001, respectively). *p < 0.05, one-way ANOVA after Dunnett’s 

post hoc test. e Amplitude distribution histograms of amperometric 

spikes recorded from WKY CCs (black bars) and hypSHR CCs (gray 

bars). Medium and large spikes arose more often in preSHR CCs than 

in WKY CCs (see Table 2; parenthesis: number of spikes analyzed)
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Contribution of CICR to depolarization-induced 

exocytosis in preSHR

Next, we investigated the contribution of  Ca2+-induced 

 Ca2+-release (CICR) to exocytosis in preSHR CCs. Depo-

larization-induced amperometric spikes were recorded from 

WKY and preSHR CCs before and after 10-min incubation 

with 10 μM ryanodine (an irreversible RyR blocker). CCs 

from both strains produce fewer spikes after ryanodine 

incubation, but the reduction is stronger in preSHR CC 

(Fig. 4e–h). Figure 4 i and Figure j illustrate the time course 

of cumulative charge in these two strains before and after 

ryanodine treatment. The peak cumulative charge dimin-

ished by ~ 14% in WKY CCs and ~ 57% in preSHR CCs (see 

Table 3). None of the amperometric spike parameters of 

WKY CCs were significantly altered by ryanodine. Con-

versely, in preSHR CCs, the charge per spike, spike ampli-

tude half-width, and the number of spikes diminished sig-

nificantly (Table 3). Since ryanodine blocks RyR-mediated 

CICR [23, 48], these data demonstrate that CICR contributes 

more significantly to catecholamine secretion in preSHR 

than in WKY CCs ([39], see the “Discussion” section).

Intracellular  Ca2+ signals in preSHR CCs

Our previous study in CC from early hypertensive SHRs 

[39] showed that the augmented stimulus-induced secre-

tory response correlates with the generation of stronger 

intracellular  Ca2+ signals. Hence, we wondered if the same 

mechanism underlies the enhanced catecholamine secretion 

in preSHR CCs. Cultures were incubated with a fluorescent 

 Ca2+ indicator, and time series of fluorescence images (ΔF 

movies) was captured after stimulation, first with high  K+ 

and then with caffeine (see the “Methods” section). Fig-

ure 5a exemplifies ΔF signals (arbitrary units; a. u.) elic-

ited by membrane depolarization in a WKY and a preSHR 

CC. Figure 5b compares the mean peak ΔF amplitudes. The 

depolarization-induced ΔF signals are significantly stronger 

in preSHR (88.2 ± 4.1 a.u.; mean ± SEM; n = 96 cells) than 

in WKY CCs (58.1 ± 3.4 a.u., mean ± SEM; n = 89 cells); 

p < 0.0001. Figure 5c illustrates caffeine-induced ΔF signals 

Fig. 3  Catecholamine exocytosis elicited by high  K+ depolarization 

in WKY and hypSHR chromaffin cells. a, b Representative ampero-

metric recordings from a WKY CC (a) and a hypSHR CC (b). The 

response to membrane depolarization is more robust in hypSHR than 

in WKY CC. c Time course of the cumulative charge at 2-s intervals 

for WKY (black triangles) and hypSHR CCs (gray triangles). The 

parenthesis: the number of cells analyzed from 3 different cultures). 

After 60 s of recording, the peak cumulative charge is 2.7-fold greater 

in hypSHR CC than in WKY CCs. d Amplitude distribution histo-

grams of amperometric spikes, recorded from WKY (black bars) and 

hypSHR CCs (gray bars). Medium and large spikes appear more often 

in hypSHR CCs than in WKY CCs (see Table 2; parenthesis: number 

of cells analyzed). *p < 0.05, unpaired t-test
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Fig. 4  Contribution of Calcium-
induced Calcium release to 
catecholamine exocytosis from 
preSHR and WKY CCs. a, b 

Representative amperometric 

responses elicited by caffeine 

application (10 mM, 10 s) from 

a WKY (a) and a preSHR (b) 

CC. A more robust secretory 

response is recorded in preSHR. 

c Time course of cumulative 

charge at 2-s intervals for WKY 

(black squares) and preSHR 

CCs (gray squares). At 60 s, 

the peak cumulative charge 

is 2.0-fold greater in preSHR 

than in WKY CCs. d Ampli-

tude distribution histograms of 

caffeine-induced amperometric 

spikes recorded from WKY 

(black bars) and preSHR CCs 

(gray bars). Medium and large 

spikes are more frequent in 

preSHR CCs than in WKY CCs 

(Table 2; parenthesis: number 

of cells analyzed from 5 differ-

ent cultures). e, f Representative 

traces of depolarization-induced 

amperometric spikes from a 

WKY CC and a preSHR CC. 

g, h Corresponding traces 

obtained from the same pair 

of cells after incubation with 

ryanodine (10 μM; 10 min). 

Ryanodine affects more the 

secretory response of preSHR 

than WKY CC. i, j Time course 

of cumulative charge at 2-s 

intervals for WKY and preSHR 

CCs responses, before (black 

circles) and after (gray circles) 

ryanodine treatment. In WKY 

CCs, the peak cumulative 

charge did not change signifi-

cantly after ryanodine treatment 

(p = 0.83; see Table 3), while 

it dropped by 57% in preSHR 

CCs (p = 0.01, see Table 3). The 

parenthesis is the number of 

cells analyzed from 3 different 

cultures). *p < 0.05, one-way 

ANOVA after Tukey’s post hoc 

test
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in CCs from both strains, and Fig. 5d compares the mean 

peak ΔF amplitudes, caffeine-induced ΔF signals are signifi-

cantly stronger in preSHR (46.6 ± 4.0; mean ± SEM; n = 96 

cells) than in WKY CCs (34.1 ± 2.7 a.u.; mean ± SEM; 

n = 89 cells); p = 0.001.

Intracellular  Ca2+ signals in hypSHR CCs

Figure 5e compares depolarization-induced ΔF signals 

recorded from a hypSHR and age-matched WKY CCs. 

The corresponding mean peak ΔF amplitudes are shown 

in Fig. 5f. The depolarization-induced ΔF signals in hyp-
SHR (100.4 ± 6.8 a.u.; mean ± SEM; n = 73 cells) are sig-

nificantly stronger than those of WKY CCs (56.9 ± 3.7 a.u. 

mean ± SEM; n = 82 cells; p < 0.0001). The ΔF signals 

elicited in the same CCs by caffeine application are shown 

in Fig. 5g, and the mean peak amplitudes are illustrated in 

Fig. 5h. The caffeine-induced ΔF signals are stronger in 

hypSHR (53.5 ± 3.6 a.u., mean ± SEM, n = 73 cells) in than 

in WKY CCs (34.6 ± 5.7 a.u.; n mean ± SEM, = 82 cells; 

p = 0.002). As these data demonstrate, hypSHR CCs pro-

duce slightly stronger  [Ca2+]i signals than preSHR CCs in 

response to the same stimulus: 100.4 a.u. versus 88.2 a.u. 

for depolarization and 53.5 a.u. versus 46.6 a.u. for caffeine 

(see the “Discussion” section).

Comparison of dense-core granules 

between preSHR, hypSHR, and WKY CCs

Both spontaneous and stimulated exocytosis of catechola-

mines from preSHR and hypSHR CCs comprises ampero-

metric spikes with a mean charge per spike 1.5 and 1.2-fold 

larger respectively than age-matched WKY CCs (Table 1). 

Since SHRs spikes transport more charge (catecholamines) 

than WKYs, they represent the exocytosis of larger secretory 

granules [see 42]. In order to test the hypothesis that SHR 

contains bigger secretory granules than WKY CCs, sections 

of adrenal glands from preSHR, hypSHR, and aged-matched 

WKY were examined by TEM.

Figures 6a–d illustrate TEM images from preSHR and 

WKY sections at two different magnifications. No differ-

ences in granule size can be observed. Dense-core granules 

were detected, and their areas were measured and trans-

formed to diameters (see the “Methods” section). The mean 

granule diameter does not differ between preSHR and WKY 

CCs (Fig. 6e), and the granule size distributions are similar 

in both strains (Fig. 6g and Table 4). Figure 7a–d illustrates 

TEM images from hypSHR and age-matched WKY. Once 

again, no difference in granule size is noticeable, and the 

mean granule diameter does not differ significantly between 

hypSHR and WKY CCs (Fig. 7e). Accordingly, the gran-

ule size distributions are also very similar between strains 

(Fig. 7g and Table 4). Nonetheless, when Fig. 6a and 6b 

and Fig. 7 a and b are compared, it is obvious that the cyto-

plasm of preSHR and hypSHR CCs contains more granules 

than that of WKY CCs. The granule density per cytoplasmic 

area was measured (see the “Methods” section). As shown 

in Figs. 6f and 7f, the difference is significant: preSHR and 

hypSHR have 63% and 82% more granules respectively than 

WKY (see Table 4).

Discussion

Neonatal and infantile SHR are normotensive. After 6 weeks 

of age, blood pressure (BP) gradually rises [24], reaching 

150 mmHg by the  10th week. At this early stage (hyperki-

netic phase of hypertension), high BP results from the aug-

mented cardiac output, with total peripheral resistance (TPR) 

unchanged [27]). By the 15th week, BP reaches 200 mmHg 

[24], with TRP remaining unchanged. At 25 weeks of age 

(TRP phase of hypertension [10]), high BP concurs with 

increased TPR, with cardiac output returning to normal [40]. 

During the TRP phase, edema, cardiac hypertrophy, and kid-

ney failure are common [10]. In juvenile SHRs (5–7 weeks 

old), adrenaline (A) and noradrenaline (NA) plasma lev-

els are elevated. After 24 weeks of age, only NA remains 

elevated, and by 12 months of age, both AD and NA nearly 

Table 3  Kinetic parameters of amperometric spikes recorded from 

age-matched WKY CCs and pre-hypertensive SHR CCs before and 

after incubation with 10  μM ryanodine. Data are mean ± SEM.  n 

indicates the number of cells from three different cultures. * p < 0.05 

compared to control before ryanodine treatment, One-way ANOVA 

after Tukey’s post hoc test

Cumulative charge (pC) Charge/spike (pC) Spike amplitude (pA) Half-width  t1/2 (ms) Number of spikes

WKY (4–5 w; n = 8)

  Control 35.4 ± 7.6 0.79 ± 0.03 69.9 ± 3.9 8.1 ± 0.3 39.8 ± 9.9

  Ryanodine 10 μM 30.3 ± 3.9

(p = 0.49)

0.77 ± 0.04

(p = 0.71)

67.4 ± 3.5

(p = 0.60)

8.3 ± 0.3

(p = 0.76)

32.4 ± 6.9

(p = 0.55)

 (4–5 w; n = 8)

  Control 71.3 ± 10.6 0.98 ± 0.03 79.3 ± 2.8 8.2 ± 0.4 69.4 ± 6.5

  Ryanodine 10 μM 30.6 ± 5.7*

(  = 0.005)

0.84 ± 0.05*

(  = 0.04)

58.8 ± 3.6*

(  = 0.0009)

10.2 ± 0.5*

(  = 0.006)

33.4 ± 4.7*

(  = 0.0007)
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Fig. 5  Intracellular  Ca2+ signals 

in response to membrane depo-

larization and caffeine applica-

tion in preSHR and hypSHR 

CCs. a Examples of ΔF signals 

elicited by high-K+ depolariza-

tion in a WKY (solid line) and 

a preSHR (dashed line) CC. b: 
Bar plot of the amplitude of 

depolarization-induced intracel-

lular  Ca2+ signals in WKY 

(black bar) and preSHR CCs 

(gray bar). The mean peak fluo-

rescence signal is 1.5-fold larger 

in preSHR than in WKY CCs 

(p < 0.0001).c: Examples of 

ΔF signals elicited by caffeine 

application (10 mM, 10 s) in a 

WKY (solid line) and a preSHR 

(dashed line) CC. Recordings 

are from the same pair of CCs 

shown in a and c. d Bar plot 

comparing the amplitude of 

caffeine-induced intracellular 

 Ca2+ signals in WKY (black 

bar) and preSHR CCs (gray 

bar). The mean peak ΔF signals 

are 1.4-fold larger in preSHR 

than in WKY CCs (p = 0.001). 

Number of cells: preSHR 

(n = 96) and WKY(n = 89) 

from 4 different cultures for 

each strain. e Representative 

DF signals elicited by high-K+ 

depolarization in a WKY (solid 

line) and a hypSHR (dashed 

line) CC. f Bar plot comparing 

the amplitude of depolarization-

induced intracellular  Ca2+ 

signals in WKY (black bar) and 

hypSHR CCs (gray bar). On 

average, the peak ΔF signals are 

1.8-fold larger in hypSHR than 

in WKY CCs (p < 0.0001). g 

Representative ΔF signals elic-

ited by caffeine in a WKY (solid 

line) and a hypSHR CC (dashed 

line). h Bar plot comparing the 

amplitude of caffeine-induced 

intracellular  Ca2+ signals in 

WKY (black bar) and hypSHR 

CCs (gray bar). On average, 

peak ΔF signals are 1.5-fold 

larger in preSHR than in WKY 

CCs (p = 0.002). Number of 

cells: hypSHR (n = 73); WKY 

(n = 82 cells) from 4 differ-

ent cultures for each strain. 

*p < 0.05, unpaired t-test
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Fig. 6  Comparison of dense-

core granules in WKY and 

preSHR CCs. a, b Representa-

tive electron micrographs from 

WKY (a) and preSHR adrenal 

gland (b). c, d electron micro-

graphs from WKY (c) and pre-

SHR adrenal gland (d) at higher 

magnification. e: Bar plot of the 

diameter of dense-core granules 

from WKY (black bar) and 

preSHR (gray bar) (228 ± 2 nm 

and 231 ± 2, respectively, 

p = 0.25). f Bar plot of the 

density of granules per unit 

area in WKY (black bar) and 

preSHR (gray bar) (4.7 ± 0.6 

versus 7.7 ± 0.7 granules/μm2 

respectively, p = 0.01); unpaired 

t-test. g Frequency histogram 

of granule size in WKY (dark 

bars) and preSHR (gray bars). 

Granule size distributions are 

very similar, with most granules 

(75.2% of preSHR and 76.6% of 

WKY) ranging between 200 and 

400 nm (preSHR n = 1593 gran-

ules; WKY n = 1225). Our data 

set comprises 15 EM pictures of 

4-week-old preSHR, and 10 EM 

pictures of age-matched WKY 

rats (n = 3 rats from each strain)
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return to normal [36]. Thus, the early hyperkinetic phase of 

hypertension correlates with increased catecholamine secre-

tion, but the late TRP phase does not.

Sympathectomy of neonatal SHRs results in adults with 

lower BP but still higher than WKY rats [25]. Likewise, 

bilateral adrenal demedullation attenuates adult hyperten-

sion. Only sympathectomy plus demedullation of imma-

ture SHRs prevents the development of hypertension [24]. 

Hence, the sympathetic nervous system and the adrenal 

medulla play synergistic roles in BP elevation of SHRs. This 

study hypothesis is that hypertension onset is associated with 

an early elevation of plasmatic catecholamines, likely origi-

nated from the adrenal gland. A relevant question would be: 

Which abnormalities of the adult SHR can be traced to the 

prehypertensive stage? The answer to this question is crucial 

for the design of early intervention therapeutic strategies.

Prehypertensive stage alterations

Plasma levels of catecholamines and neuropeptide Y 

(another indicator of sustained sympathetic activity) are 

elevated in young prehypertensive SHRs [41]. Another 

indicator of sympathetic hyperactivity in juvenile SHRs is 

baseline tachycardia. This sympathetic hyperresponsiveness 

in SHRs results from diminished norepinephrine reuptake 

and stronger intracellular  Ca2+ signals in sympathetic nerve 

terminals [26, 41]. Even so, juvenile SHRs remain normo-

tensive until about 6 weeks of age by downregulation of 

catecholamine biosynthesis in the adrenal medulla and sym-

pathetic ganglia [46].

Our starting hypothesis was that in prehypertensive 

(4–5  weeks old) SHRs, adrenal catecholamine release 

would be higher than age-matched WKY but less robust 

than in (12 weeks old) hypertensive SHRs. To evaluate these 

ontogenetic changes, baseline and stimulated single-cell cat-

echolamine release from prehypertensive and hypertensive 

SHR was examined together with stimulus-induced intracel-

lular  Ca2+ signals compared with normotensive WKY rats 

from the same age. Dense core granule size and density were 

also examined.

Blood pressure

BP and heart rate of preSHRs were not statistically different 

from age-matched WKY rats. Conversely, in hypSHRs, sys-

tolic and diastolic BP were 30 and 25% higher, respectively, 

and the heart rate was 29% higher than in age-matched WKY 

rats. These data support the conclusion that the age groups 

chosen for this comparative study are adequate.

Spontaneous catecholamine exocytosis from preSHR 

and hypSHR CCs

Spontaneous amperometric spikes, recorded in preSHR 

and hypSHR, had a similar frequency than age-matched 

WKY CCs (Fig. 1a, b and Fig. 1e, f). The peak cumula-

tive charge (a measure of the rate of exocytosis) is slightly 

higher in both preSHR and hypSHR than in age-matched 

WKY CCs (Table 1). The difference in exocytosis rate is 

likely to become significant if longer-lasting recordings are 

compared. In general, the values of mean charge per spike 

and spike amplitude reported here agree with previous data 

from early hypertensive SHR CCs [30, 39].

Depolarization-induced secretory responses 

in preSHR CCs

We and others previously reported that CCs from SHRs 

secrete more catecholamines [29, 30, 39]. We found that 

in preSHR CCs, the secretory response elicited by a brief 

depolarization is more robust and longer-lasting than in 

WKY CCs. Accordingly, the mean peak cumulative charge 

(a measure of catecholamine secretion) is 2.9-fold higher 

in preSHR than in WKY CCs. When these data are subdi-

vided into subgroups, we found that the secretion rate of 

subgroup 1 (50% of the sample) is indistinguishable from 

WKY CCs and that subgroups 2 and 3 display peak cumula-

tive charges 3- and sixfold larger, respectively, than WKY 

CCs (Table 1). The latter CCs were named “super-secreting” 

and “hyper-secreting.” These findings suggest that half of 

SHR CCs secrete at a normal rate during the prehypertensive 

Table 4  Granule size data from TEM of adrenal sections from pre-
SHR, hypSHR, and age-matched WKY CCs. Data are mean ± SEM. 

The n indicates the number of granules measured. *p < 0.05, unpaired 

t-test. Our data set comprises 15 EM pictures of 4-week-old preSHR, 

and 10 EM pictures of age-matched WKY rats; 15 EM pictures of 

12-week-old hypSHR, and 10 EM pictures of age-matched WKY rats 

(n = 3 rats from each strain)

Strain % Small

 < 200 nm

% Medium

(200–400 nm)

% Large

(400–600 nm)

Mean granule size (nm) Mean granule den-

sity (granules/μm2)

WKY (4–5 w) n = 1225 20.1 76.6 3.2 231 ± 2 4.7 ± 0.6

preSHR (4–5 w) n = 1593 17.4 75.2 7.7 228 ± 2 (p = 0.25) 7.7 ± 0.7 (p = 0.01)

WKY (12 w) n = 1298 31.9 54.3 13.8 233 ± 3 4.5 ± 0.7

hypSHR (12 w) n = 2170 18.1 72.6 9.3 235 ± 2 (p = 0.64) 8.2 ± 0.6 (p = 0.001)
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Fig. 7  Comparison of dense-

core granules in WKY and 

hypSHR CCs. a, b Representa-

tive electron micrographs of 

WKY (a) and hypSHR adrenal 

gland (b). c, d Electron micro-

graphs at higher magnification 

from WKY (c) and hypSHR 

adrenal gland (d). e Bar plot 

of the diameter of dense-core 

granules from WKY (black bar) 

and hypSHR (gray bar) (234 ± 3 

and 235 ± 2 nm, respectively, 

p = 0.64). f Bar plot of the den-

sity of granules per unit area in 

WKY (black bar) and hypSHR 

(gray bar) (4.5 ± 0.7 versus 

8.2 ± 0.6 granules/μm2 respec-

tively, p = 0.001); unpaired 

t-test. g Frequency histogram 

of granule size in WKY (dark 

bars) and hypSHR (gray bars). 

Granule size distributions are 

very similar, with most granules 

(72.6% of hypSHR and 54.3% of 

WKY) ranging between 200 and 

400 nm (hypSHR n = 2170 gran-

ules; WKY n = 1298). Our data 

set comprises 15 EM pictures 

of 12-week-old hypSHR, and 

10 EM pictures of age-matched 

WKY rats (n = 3 rats from each 

strain)
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stage, while the other half comprises super and hyper-secret-

ing CCs. Spike parameter values (charge per spike, spike 

peak amplitude, number of spikes, and burst duration) of 

subgroups 2 and 3 are significantly greater than those of 

subgroup 1. Of these parameters, the charge per spike and 

the burst duration had the most significant contribution 

(Table 1). It would be interesting to determine if such a het-

erogeneous population of SHR CCs persists at later stages 

of hypertension.

Comparison of secretory rate between preSHRs 

and hypSHRs

One may wonder: which SHR CCs (prehypertensive or 

hypertensive) release more catecholamines in response to 

membrane depolarization? The answer is not straightfor-

ward. Both preSHR and hypSHR CCs display stronger exo-

cytosis than age-matched WKY CCs. However, the increase 

in exocytosis found is very similar (~ 2.8-fold), contrary to 

our expectation.

Nonetheless, the absolute secretion rate of hypSHRs is 

only 1.2-fold higher than preSHR CCs, even though the dif-

ference spike amplitude is 1.7-fold higher. Why is the rate 

of secretion not higher in hypSHR? A likely explanation is 

that CCs from hypSHRs produce 10% fewer spikes, and their 

half-width duration is 30% briefer than in preSHRs CCs. 

Interestingly, the spike half-width (related to the granule’s 

speed of exocytosis) of hypSHR CCs is the shortest of all 

CCs groups (t1/2 = 8.1 ms; Table 1). This data is consistent 

with earlier reports that plasma adrenaline levels of SHRs 

are similar to normotensive WKY rats after 24 weeks of 

age [39].

Caffeine-induced secretory responses of preSHR CCs

After readily crossing the plasma membrane, caffeine trig-

gers  Ca2+ release from intracellular stores, bypassing mem-

brane depolarization. The longer delay (about 3.2 s) before 

the first amperometric spike is recorded likely results from 

caffeine diffusion, rate of  Ca2+ release from the ER, and 

diffusion of  Ca2+ to the sites of exocytosis. The caffeine-

induced exocytosis in preSHR is nearly twofold larger than 

in WKY CCs (Table 1). In comparison, it is 2.7-fold higher 

after membrane depolarization. The difference results from 

the generation, after caffeine stimulation, of fewer spikes 

with a smaller charge per spike (Table 1). In summary, 

catecholamine secretion in preSHR CCs is characterized 

by amperometric spikes of greater charge and peak ampli-

tude than age-matched WKY CCs, regardless of the type of 

stimulus.

Role of CICR in depolarization-induced exocytosis 

of preSHR CCs

The smooth endoplasmic reticulum (ER) operates as an 

intracellular  Ca2+ store.  InsP3 receptors  (InsP3R) and ryano-

dine receptors (RyRs) are intracellular channels that release 

 Ca2+ to the cytosol in response to  [Ca2+]i elevations, thus 

providing a mechanism of  Ca2+ signal amplification termed 

CICR [2, 19, 35]. Ryanodine, an irreversible RyRs blocker 

that obliterates RyR-mediated CICR [43, 48], was used to 

assess its contribution to the release of catecholamines. 

After ryanodine incubation, the cumulative charge dimin-

ished by less than 14%, in WKY CCs, with no effects on 

spike parameters (see Fig. 4e and Table 2). Conversely, in 

preSHR CCs, the cumulative charge fell by 57% after ryano-

dine treatment (see Fig. 4k). Accordingly, the charge per 

spike, spike amplitude, and the number of spikes generated 

diminished significantly (14%, 25%, and 50%, respectively; 

Table 2). In early hypertensive SHR CCs, ryanodine caused 

a more drastic reduction (77%) in cumulative charge, mainly 

due to a reduction of 22% in charge per spike and of 71% in 

the number of spikes [39]. These results demonstrate that 

CICR also contributes significantly to catecholamine hyper-

secretion in preSHR CCs.

Intracellular  Ca2+ signals in preSHR, hypSHR, 
and WKY CCs

Since the same stimulus recruits more amperometric spikes 

of larger size in SHR than in WKY CCs, we speculated that 

this is due to the generation of stronger intracellular  Ca2+ 

signals. Accordingly, in both preSHR and hypSHR CCs, 

depolarization, and caffeine triggered greater  [Ca2+]i rise 

(1.5- and 1.4-fold; and 1.7- and 1.5-fold, respectively) than 

in WKY CCs (Fig. 5 b, d, f, and h). In our previous report in 

SHR,  [Ca2+]i increases were 3.2- and 2.5-fold greater (depo-

larization and caffeine, respectively) than in WKY CCs [39].

The fact that both stimuli trigger slightly bigger  [Ca2+]i 

signals in hypSHR than in preSHR (see Fig. 5) agrees with 

amperometric data, supporting the idea that catecholamine 

hypersecretion is linked to stronger intracellular  Ca2+ signals 

[39]. Enhanced  Ca2+ signaling has been reported in the soma 

of stellate and superior cervical ganglia neurons of prehy-

pertensive 4-week-old SHRs and ganglionic neurons from 

adult SHRs [26]. Bigger  Ca2+ signals are likely to occur 

in their sympathetic nerve terminals, causing a stronger 

 Ca2+-dependent release of catecholamines.

Mechanisms involved in the enhanced secretory 

phenotype of SHR CCs

On average, preSHR CCs secrete 2.9-fold more catechola-

mines than WKY CCs (Fig. 2c). However, in about half of 
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these CCs, catecholamine secretion is unaffected, while the 

remaining ones secrete 3- and sixfold more than WKY CCs. 

Likewise, CCs secrete, on average, 2.8-fold more catecho-

lamines during the hypertensive stage than WKY CCs [see 

also 39]. Which mechanism is responsible for the appear-

ance of the hypersecretory phenotype in the CCs population?

In SHRs, the pre-celiac splanchnic nerve fibers dis-

play a higher baseline electrical activity, and the pregan-

glionic sympathetic fibers innervating the adrenal gland 

have enhanced responses to hypothalamic stimulation [31]. 

Therefore, one may speculate that sustained synaptic input 

may dysregulate juvenile SHR CCs, leading to the hyperse-

cretory phenotype (44). By analogy, chronic administration 

of the anti-hypertensive agent reserpine reflexively increases 

the synaptic stimulation of CCs and induces their prolifera-

tion in vivo [42, 45]. Since adrenal denervation prevents cell 

proliferation in this pheochromocytoma model, it is assumed 

that nerve fiber hyperactivity triggers adrenal medulla hyper-

plasia and neoplasia [44]. Neonatal sympathectomy causes 

BP in adult SHRs to reach intermediate values between 

untreated SHRs and age-matched normotensive WKY rats, 

suggesting that the adrenal medulla without sympathetic 

input still contributes to adult hypertension [25]. It is deci-

sive to determine if the hypersecretory phenotype in the 

adult SHR is delayed or prevented by juvenile sympathec-

tomy or adrenal denervation.

Comparison of dense-core granules in preSHR, 

hypSHR, and WKY CCs

Since the intragranular catecholamine concentration is con-

stant [1], the amount detected by amperometry is propor-

tional to the granule volume [1, 49]. Assuming a proportion-

ality of the cubic root of the charge per spike  (Q1/3) X 200 

with the radius of the secreted granule [14], we estimated 

a mean granule size of 336 nm for preSHR and 235 nm for 

WKY and 415.6 nm versus 315 nm for hypSHR and WKY 

(data for depolarization-induced exocytosis: see [39]). None-

theless, the mean granule size obtained from TEM images 

does not support the hypothesis that SHR CCs contain 

more medium and large-sized granules in their cytoplasm 

(Table 4). Nonetheless, TEM images did show a significant 

difference in granule density per unit area in preSHR and 

hypSHR compared to WKY CCs. These findings suggest 

that catecholamine’s enhanced secretion in SHR CCs could 

also be due to an excess of secretory granules in the cyto-

plasm, making exocytosis more likely. The higher density 

of granules in the cytoplasm of SHR CCs has been reported 

earlier [33].

Thus, the higher incidence of medium and large amper-

ometric spikes in preSHR and hypSHR compared with 

WKY CCs cannot be explained by granule size differences 

[39]. Therefore, the bias of SHR CCs towards secreting 

more medium and large granules is still unexplained. As 

discussed earlier, a depolarizing stimulus recruits fewer 

and smaller spikes in the same preSHR CCs after ryano-

dine treatment, suggesting that exocytosis of large secre-

tory granules requires stronger  Ca2+ signals. Neuroen-

docrine cells (including adrenal CCs) express multiple 

isoforms of synaptotagmin,  Ca2+ sensors for triggering 

exocytosis with different  Ca2+ sensitivities [5, 9]. Thus, 

syt VII has a high  Ca2+ sensitivity, syt IX an intermediate 

 Ca2+ sensitivity, and syt I a low  Ca2+ sensitivity. These 

isoforms distribute to dense-core vesicles (DCV) of dif-

ferent sizes [50]. Thus, the release of more medium and 

large granules in SHR CC could be related to differential 

expression of synaptotagmin isoforms with different  Ca2+ 

sensitivities [16, 17].

Our study in the SHRs model demonstrates that cat-

echolamine hypersecretion and enhanced intracellular 

 Ca2+ signals in adrenal CCs can develop before the onset 
of hypertension. Functionally, this translates into a more 

robust stimulus-induced  Ca2+ signaling and catechola-

mine secretion, which could explain, in part, the increased 

plasma catecholamine levels and tachycardia reported in 

SHRs before hypertension develops. Accordingly, nearly 

half of the CC population display super- and hyper- secre-

tion of catecholamine, although the other half have not 

transitioned yet to the enhanced secretory phenotype. 

The mechanism responsible for this heterogeneous secre-

tory phenotype in the population of SHR CCs remains 

unexplained.

Acknowledgements The authors wish to thank Drs. Citlali Trueta and 

Fredy Cifuentes for discussions and advice, MVZ Claudia V. Rivera-

Cerecedo for expert animal breeding, and Francisco Perez for expert 

computing assistance. Peña del Castillo J. G. is a Ph. D. student from 

the Programa de Doctorado en Ciencias Biomédicas, Universidad 

Nacional Autónoma de México (UNAM) and received the fellowship 

#306030 from CONACyT. This study was conducted as part of the 

requirements to obtain her Ph. D. Supported by Grants 315803 and 

314839 to A-HC from Consejo Nacional de Ciencia y Tecnología 

(CONACYT), México and PAPIIT AG200119 from Dirección Gen-

eral de Asuntos del Personal Académico (DGAPA-UNAM). Also sup-

ported by a grant from Ministerio de Ciencia e Innovación (Project 

PID2020-114824GB-I00 to LMG).

Author contribution Peña-del Castillo performed the experiments, 

analyzed data, prepared figures, and wrote the paper, Segura Chama 

performed research and analyzed data, Rincón-Heredia analyzed data, 

Diana Millán-Aldaco performed research, contributed new methods, 

Yolanda Giménez-Molina, José Villanueva, and Luis Miguel Gutiérrez, 

contributed new method and analyzed data. Arturo Hernández-Cruz 

conceived the study, wrote the paper.

Funding This study is financially supported by Grants 315803 (Labo-

ratorio Nacional de Canalopatías) from Consejo Nacional de Cien-

cia y Tecnología (CONACYT), México, and PAPIIT AG200119 

from Dirección General de Asuntos del Personal Académico 



 Pflügers Archiv - European Journal of Physiology

1 3

(DGAPA-UNAM) and by a grant of Ministerio de Ciencia e Innovación 

(Project PID2020-114824GB-I00 to LMG).

Data availability The datasets generated during and/or analyzed dur-

ing the current study are available from the corresponding author on 

reasonable request.

Declarations 

Ethics approval Research involving animals complies with the Mexi-

can Guide’s guidelines for the Care and Use of Laboratory Animals 

of the Secretary of Agriculture (SAGARPA NOM-062-Z00–1999). 

The Institutional Committee of Care and Use of Laboratory Animals 

(CICUAL-IFC) approved the experimental protocols used here (proto-

col AHC24-141). Research does not involve human patients.

Conflict of interest The authors declare no competing interests.

References

 1. Albillos A, Dernick G, Horstmann H, Almers W, de Toledo 

GA, Lindau M (1997) The exocytotic event in chromaffin cells 

revealed by patch amperometry. Nature 389(6650):509–512. 

https:// doi. org/ 10. 1038/ 39081

 2. Alonso MT, Barrero MJ, Michelena P, Carnicero E, Cuchillo 

I, García AG, García-Sancho J, Montero M, Alvarez J (1999) 

 Ca2+-induced  Ca2+ release in chromaffin cells seen from inside 

the ER with targeted aequorin. J Cell Biol 144(2):241–254. 

https:// doi. org/ 10. 1083/ jcb. 144.2. 241

 3. Anderson EA, Sinkey CA, Lawton WJ, Mark AL (1989) Ele-

vated sympathetic nerve activity in borderline hypertensive 

humans. Evidence from direct intraneural recordings. Hyper-

tension 14(2):177–183. https:// doi. org/ 10. 1161/ 01. HYP. 14.2. 

177

 4. Aoki K, Takikawa K, Hotta K (1973) Role of adrenal cortex 

and medulla in hypertension. Nat New Biol 241(108):122–123. 

https:// doi. org/ 10. 1038/ newbi o2411 22a0

 5. Bhalla A, Chicka MC, Chapman ER (2008) Analysis of the 

synaptotagmin family during reconstituted membrane fusion. J 

Biol Chem 283(31):21799–21807. https:// doi. org/ 10. 1074/ jbc. 

M7096 28200

 6. Borkowski KR, Quinn P (1983) The effect of bilateral adre-

nal demedullation on vascular reactivity and blood pressure in 

spontaneously hypertensive rats. Br J Pharmacol 80(3):429–

437. https:// doi. org/ 10. 1111/j. 1476- 5381. 1983. tb107 12.x

 7. Carbone E, Borges R, Eiden LE, García AG, Hernández-Cruz 

A (2019) Chromaffin cells of the adrenal medulla: physiology, 

pharmacology, and disease. Compr Physiol 9(4):1443–1502. 

https:// doi. org/ 10. 1002/ cphy. c1900 03

 8. de Champlain J, Farley L, Cousineau D, van Ameringen MR 

(1976) Circulating catecholamine levels in human and experi-

mental hypertension. Circ Res 38(2):109–114. https:// doi. org/ 

10. 1161/ 01. RES. 38.2. 109

 9. Chapman ER (2008) How does synaptotagmin trigger neuro-

transmitter release? Ann Rev Biochem 77(1):615–641. https:// 

doi. org/ 10. 1146/ annur ev. bioch em. 77. 062005. 101135

 10 Conrad CH, Brooks WW, Hayes JA, Sen S, Robinson KG, Bing 

OHL (1995) Myocardial fibrosis and stiffness with hypertrophy 

and heart failure in the spontaneously hypertensive rat. Circula-

tion. 91(1):161–170. https:// doi. org/ 10. 1161/ 01. CIR. 91.1. 161

 11 Currie G, Freel EM, Perry CG, Dominiczak AF (2012) Dis-

orders of blood pressure regulation—role of catecholamine 

biosynthesis, release, and metabolism. Curr Hypertens Rep 

14(1):38–45. https:// doi. org/ 10. 1007/ s11906- 011- 0239-2

 12 Esler M (2000) The sympathetic system and hypertension. Am 

J Hypertens 13(6):S99–S105. https:// doi. org/ 10. 1016/ S0895- 

7061(00) 00225-9

 13. Esler M, Rumantir M, Kaye D, Jennings G, Hastings J, Socra-

tous F, Lambert G (2001) Sympathetic nerve biology In Essen-

tial hypertension. Clin Exp Pharmacol Physiol 28(12):986–989. 

https:// doi. org/ 10. 1046/j. 1440- 1681. 2001. 03566.x

 14. Finnegan JM, Pihel K, Cahill PS, Huang L, Zerby SE, Ewing 

AG, Kennedy RT, Wightman RM (1996) Vesicular quantal size 

measured by amperometry at chromaffin, mast, pheochromocy-

toma, and pancreatic beta-cells. J Neurochem 66(5):1914–1923. 

https:// doi. org/ 10. 1046/j. 1471- 4159. 1996. 66051 914.x

 15 Flaa A, Mundal HH, Eide I, Kjeldsen S, Rostrup M (2006) Sym-

pathetic activity and cardiovascular risk factors in young men in 

the low, normal, and high blood pressure ranges. Hypertension. 

47(3):396–402. https:// doi. org/ 10. 1161/ 01. HYP. 00002 03952. 

27988. 79

 16. Fukuda M, Kanno E, Satoh M, Saegusa C, Yamamoto A (2004) 

Synaptotagmin VII is targeted to dense-core vesicles and regu-

lates their Ca2+-dependent exocytosis in PC12 cells. J Biol 

Chem 279(50):52677–52684. https:// doi. org/ 10. 1074/ jbc. 

M4092 41200

 17 Fukuda M, Kowalchyk JA, Zhang X, Martin TFJ, Mikoshiba K 

(2002) Synaptotagmin IX Regulates Ca2+-dependent Secretion 

in PC12 Cells. J Biol Chem 277(7):4601–4604. https:// doi. org/ 10. 

1074/ jbc. C1005 88200

 18. Hernández-Cruz A, Díaz-Muñoz M, Gómez-Chavarín M, Cañedo-

Merino R, Protti DA, Escobar AL, Sierralta J, Suárez-Isla BA 

(1995) Properties of the ryanodine-sensitive release channels 

that underlie caffeine-induced  Ca2+ mobilization from intracel-

lular stores in mammalian sympathetic neurons. Eur J Neurosci 

7(8):1684–1699. https:// doi. org/ 10. 1111/j. 1460- 9568. 1995. tb006 

90.x

 19. Hernández-Cruz A, Escobar AL, Jiménez N (1997)  Ca2+-induced 

 Ca2+ release phenomena in mammalian sympathetic neurons are 

critically dependent on the Rate of rise of trigger  Ca2+. J Gen 

Physiol 109(2):147–167. https:// doi. org/ 10. 1085/ jgp. 109.2. 147

 20 Jablonskis LT, Howe PRC (1994) Elevated plasma adrenaline in 

spontaneously hypertensive rats. Blood Pressure 3(1–2):106–111. 

https:// doi. org/ 10. 3109/ 08037 05940 91015 29

 21 Judy WV, Farrell SK (1979) Arterial baroreceptor reflex control 

of sympathetic nerve activity in the spontaneously hypertensive 

rat. Hypertension. 1(6):605–614

 22. Kiprov D (1980) Experimental models of hypertension. Cor Et 

Vasa. 22(1–2):116–128

 23. Kuba K (1994)  Ca2+-induced  Ca2+ Release in Neurones. Jpn J 

Physiol 44(6):613–650. https:// doi. org/ 10. 2170/ jjphy siol. 44. 613

 24. Lee RM, Borkowski KR, Leenen FH, Tsoporis J, Coughlin M 

(1991) Combined effect of neonatal sympathectomy and adrenal 

demedullation on blood pressure and vascular changes in spon-

taneously hypertensive rats. Circ Res 69(3):714–721. https:// doi. 

org/ 10. 1161/ 01. RES. 69.3. 714

 25 Lee RM, Triggle CR, Cheung DW, Coughlin MD (1987) Struc-

tural and functional consequence of neonatal sympathectomy on 

the blood vessels of spontaneously hypertensive rats. Hyperten-

sion (Dallas, Tex.: 1979) 10(3):328–338. https:// doi. org/ 10. 1161/ 

01. hyp. 10.3. 328

 26. Li D, Lee C, Buckler K, Parekh A, Herring N, Paterson DJ (2012) 

Abnormal intracellular calcium homeostasis in sympathetic neu-

rons from young prehypertensive rats. Hypertension 59(3):642–

649. https:// doi. org/ 10. 1161/ HYPER TENSI ONAHA. 111. 186460

 27 Lundin SA, Hallback-Nordlander M (1980) Background of hyper-

kinetic circulatory state in young spontaneously hypertensive rats. 



Pflügers Archiv - European Journal of Physiology 

1 3

Cardiovasc Res 14(10):561–567. https:// doi. org/ 10. 1093/ cvr/ 14. 

10. 561

 28. Malgaroli A, Fesce R, Meldolesi J (1990) Spontaneous  [Ca2+]

i fluctuations in rat chromaffin cells do not require inositol 

1,4,5-trisphosphate elevations but are generated by a caffeine- 

and ryanodine-sensitive intracellular  Ca2+ store. J Biol Chem 

265(6):3005–3008

 29. Miranda-Ferreira R, de Pascual R, Caricati-Neto A, Gandía L, 

Jurkiewicz A, García AG (2009) Role of the endoplasmic reticu-

lum and mitochondria on quantal catecholamine release from 

chromaffin cells of control and hypertensive rats. J Pharmacol Exp 

Ther 329(1):231–240. https:// doi. org/ 10. 1124/ jpet. 108. 147413

 30. Miranda-Ferreira R, de Pascual R, de Diego AMG, Caricati-Neto 

A, Gandía L, Jurkiewicz A, García AG (2008) Single-vesicle cat-

echolamine release has greater quantal content and faster kinetics 

in chromaffin cells from hypertensive, as compared with normo-

tensive, rats. J Pharmacol Exp Ther 324(2):685–693. https:// doi. 

org/ 10. 1124/ jpet. 107. 128819

 31 Morrison SF, Whitehorn D (1984) Enhanced preganglionic sym-

pathetic nerve responses in spontaneously hypertensive rats. Brain 

Res 296(1):152–155. https:// doi. org/ 10. 1016/ 0006- 8993(84) 

90522-5

 32 Mosharov EV, Sulzer D (2005) Analysis of exocytotic events 

recorded by amperometry. Nat Methods. 2(9):651–658. https:// 

doi. org/ 10. 1038/ nmeth 782

 33. Musial DC, Bomfim GH, Arranz-Tagarro JA, Méndez-López I, 

Miranda-Ferreira R, Jurkiewicz A, Jurkiewicz NH, García AG, 

Padín JF (2017) Altered mitochondrial function, calcium sign-

aling, and catecholamine release in chromaffin cells of diabetic 

and SHR rats. Eur J Pharmacol 815:416–426. https:// doi. org/ 10. 

1016/j. ejphar. 2017. 09. 045

 34 Okamoto K, Aoki K (1963) Development of a Strain of Spontane-

ously Hypertensive Rats. Jpn Circ J 27(3):282–293. https:// doi. 

org/ 10. 1253/ jcj. 27. 282

 35. Padín JF, de Diego AMG, Fernández-Morales JC, Merino C, 

Maroto M, Calvo-Gallardo E, Arranz JA, Yáñez M, García AG 

(2012) Resveratrol augments nitric oxide generation and causes 

store calcium release in chromaffin cells. Eur J Pharmacol 685(1–

3):99–107. https:// doi. org/ 10. 1016/j. ejphar. 2012. 03. 040

 36 Pak CH (1981) Plasma adrenaline and noradrenaline concen-

trations of the spontaneously hypertensive rat. Jpn Heart J 

22(6):987–995. https:// doi. org/ 10. 1536/ ihj. 22. 987

 37. Pinto Y (1998) Lessons from rat models of hypertension from 

Goldblatt to genetic engineering. Cardiovasc Res 39(1):77–88. 

https:// doi. org/ 10. 1016/ S0008- 6363(98) 00077-7

 38 Sakaguchi A, LeDoux JE, Reis DJ (1983) Sympathetic nerves 

and adrenal medulla: contributions to cardiovascular-conditioned 

emotional responses in spontaneously hypertensive rats. Hyper-

tension. 5(5):728–738. https:// doi. org/ 10. 1161/ 01. HYP.5. 5. 728

 39. Segura-Chama P, López-Bistrain P, Pérez-Armendáriz EM, 

Jiménez-Pérez N, Millán-Aldaco D, Hernández-Cruz A (2015) 

Enhanced Ca2+-induced Ca2+ release from intracellular stores 

contributes to catecholamine hypersecretion in adrenal chromaf-

fin cells from spontaneously hypertensive rats. Pflügers Archiv 

- Eur J Physiol 467(11):2307–2323. https:// doi. org/ 10. 1007/ 

s00424- 015- 1702-8

 40. Shamanaev AY, Aliev OI, Anishchenko AM, Sidekhmenova 

AV, Plotnikov MB (2016) Specificity of the Hemodynamic 

Indices’ Shift in SHR Line Rats at Different Age. Ontogenez 

47(5):320–323

 41 Shanks J, Manou-Stathopoulou S, Lu C-J, Li D, Paterson DJ, 

Herring N (2013) Cardiac sympathetic dysfunction in the prehy-

pertensive spontaneously hypertensive rat. Am J Physiol-Heart 

Circ Physiol 305(7):H980–H986. https:// doi. org/ 10. 1152/ ajphe 

art. 00255. 2013

 42 Sietzen M, Schober M, Fischer-Colbrie R, Scherman D, Sperk G, 

Winkler H (1987) Rat adrenal medulla: Levels of chromogranins, 

enkephalins, dopamine β-hydroxylase and of the amine transporter 

are changed by nervous activity and hypophysectomy. Neurosci-

ence 22(1):131–139. https:// doi. org/ 10. 1016/ 0306- 4522(87) 

90203-X

 43. Sutko JI, Airey JA, Welch W, Ruest L (1997) The pharmacology 

of ryanodine and related compounds. Am Soc Pharmacol Exp 

Ther 49:1

 44. Tischler AS, Ruzicka LA, DeLellis RA (1991) Regulation of 

neurotensin content in adrenal medullary cells: comparison of 

PC12 cells to normal rat chromaffin cells in vitro. Neuroscience 

43(2–3):671–678. https:// doi. org/ 10. 1016/ 0306- 4522(91) 90325-I

 45 Tischler AS, Ziar J, Downing JC, Mcclain RM (1995) Sustained 

stimulation of rat adrenal chromaffin cell proliferation by reser-

pine. Toxicol Appl Pharmacol 135(2):254–257. https:// doi. org/ 

10. 1006/ taap. 1995. 1231

 46 Vavřínová A, Behuliak M, Bencze M, Vaněčková I, Zicha J 

(2019) Which sympathoadrenal abnormalities of adult spon-

taneously hypertensive rats can be traced to a prehypertensive 

stage? Hypertens Res 42(7):949–959. https:// doi. org/ 10. 1038/ 

s41440- 018- 0198-y

 47. Vavřínová A, Behuliak M, Bencze M, Vodička M, Ergang P, 

Vaněčková I, Zicha J (2019) Sympathectomy-induced blood 

pressure reduction in adult normotensive and hypertensive rats 

is counteracted by enhanced cardiovascular sensitivity to vaso-

constrictors. Hypertens Res 42(12):1872–1882. https:// doi. org/ 

10. 1038/ s41440- 019- 0319-2

 48. Vites AM, Pappano J (1994) Distinct modes of inhibition by 

ruthenium red and ryanodine of calcium-induced calcium release 

in avian atrium. J Pharmacol Exp Ther 268(3):1476–1484

 49. Wightman RM, Jankowski JA, Kennedy RT, Kawagoe KT, 

Schroeder TJ, Leszczyszyn DJ, Near JA, Diliberto EJ, Viveros 

OH (1991) Temporally resolved catecholamine spikes correspond 

to single vesicle release from individual chromaffin cells. Proc 

Natl Acad Sci 88:10754–10758

 50. Zhang Z, Wu Y, Wang Z, Dunning FM, Rehfuss J, Ramanan D, 

Chapman ER, Jackson MB (2011) Release mode of large and 

small dense-core vesicles specified by different synaptotagmin 

isoforms in PC12 cells. Mol Biol Cell 22(13):2324–2336. https:// 

doi. org/ 10. 1091/ mbc. e11- 02- 0159

Publisher's note Springer Nature remains neutral with regard to 

jurisdictional claims in published maps and institutional affiliations.


	Portada
	Índice
	Resumen
	I. Introducción
	II. Marco Teórico
	III. Justificación del Proyecto   IV. Hipótesis
	V. Objetivo   VI. Objetivos Particulares
	VII. Metodología
	VIII. Resultados
	IX. Discusión
	X. Conclusiones
	XI. Bibliografía
	XII. Apéndice



