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Abstract
Adrenal chromaffin cells release epinephrine (EPI) and
norepinephrine (NE) into the bloodstream as part of the
homeostatic response to situations like stress. Here we
utilized EPI-deficient mice generated by knocking out (KO)
the phenylethanolamine N-methyltransferase (Pnmt) gene.
These Pnmt-KO mice were bred to homozygosis but
displayed no major phenotype. The lack of EPI was partially
compensated by an increase in NE, suggesting that EPI
storage was optimized in adrenergic cells. Electron micro-
scopy showed that despite the lack of EPI, chromaffin
granules retain their shape and general appearance. This
indicate that granules from adrenergic or noradrenergic cells
preserve their characteristics even though they contain only
NE. Acute insulin injection largely reduced the EPI content in
wild-type animals, with a minimal reduction in NE, whereas

there was only a partial reduction in NE content in Pnmt-KO
mice. The analysis of exocytosis by amperometry revealed a
reduction in the quantum size (�30%) and Imax (�21%) of
granules in KO cells relative to the wild-type granules,
indicating a lower affinity of NE for the granule matrix of
adrenergic cells. As amperometry cannot distinguish between
adrenergic or noradrenergic cells, it would suggest even a
larger reduction in the affinity for the matrix. Therefore, our
results demonstrate that adrenergic cells retain their struc-
tural characteristics despite the almost complete absence of
EPI. Furthermore, the chromaffin granule matrix from adren-
ergic cells is optimized to accumulate EPI, with NE being a
poor substitute.
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Chromaffin cells are the parenchymal secretory cells of the
adrenal medulla that release catecholamines (CAs) and other
soluble substances into the bloodstream as part of the
adaptive response to situations like stress, cold, or exercise.
Natural catecholamines dopamine (DA), norepinephrine
(NE), and epinephrine (EPI) are synthesized in chromaffin
cells and stored in chromaffin granules, the DA content of
which is less than 1% of the total amines (Borges et al.
1986). The EPI and NE content varies from one animal
species to other (Holzbauer and Sharman 1972), and each
amine can be secreted selectively depending on the stimuli
received. For instance, hypoglycemia preferentially triggers
EPI release whereas hypotension caused by hemorrhage
favors NE secretion (Feuerstein and Gutman 1971). In
addition, some secretagogues preferentially release EPI, as
occurs with histamine (Borges 1994), muscarine (Douglas
and Poisner 1965) or PACAP (Przywara et al. 1996).
Although EPI and NE share many pharmacological effects

they differ in some features, notably in the ability of EPI to
stimulate b2 adrenergic receptors (ARs). The main types of
chromaffin cells are also classified as noradrenergic and
adrenergic, and the proportion of both types roughly
coincides with the NE and EPI content in the adrenal
medullae of a given animal species (Holzbauer and Sharman
1972). Chromaffin cells are distributed in cell acini that seem
to be exclusively formed by either adrenergic or noradren-
ergic cells. Adrenergic cells are normally located peripher-
ally, close to the adrenal cortex, a distribution thought to
occur because cortical steroids positively modulate the
synthesis of EPI. Histologists have developed specific criteria
to distinguish adrenergic from noradrenergic cells based on
aldehyde cytochemistry (Diaz-Flores et al. 2008), or on
phenylethanolamine N-methyltransferase (Pnmt) immunos-
taining (Nagatsu et al. 1979). Electron microscopy (EM) also
seems to be useful to differentiate adrenergic from noradren-
ergic granules, the former adopting a round shape and an
evenly distributed vesicular matrix, whereas noradrenergic
granules possess an irregular darkened matrix (Diaz-Flores
et al. 2008). However, these differences are less evident in
mice.
In addition to the differences in the CA content and

morphology, the expression of certain proteins and cell
surface receptors seems to distinguish adrenergic from
noradrenergic cells. The main differences observed are based
on the secretory responses to histamine, angiotensin II, and
muscarinic receptors, preferentially provoking EPI release
(Aunis and Langley 1999). In addition, the two isoforms of
the vesicular monoamine transporter, vesicular monoamine
transporters 1 and 2 (VMAT-1 and VMAT-2), are dis-
tributed differently in adrenergic and noradrenergic cells
(Mahata et al. 1993; Weihe et al. 1994; Erickson et al. 1996;
Tillinger et al. 2010), while purinergic P2X receptors are
preferentially located in noradrenergic cells and P2Y recep-
tors in adrenergic cells (Tom�e et al. 2007).

The adrenal medulla is a heterogeneous entity that groups
together different cell subpopulations. However, we are still
far from knowing whether these cells simply differ in terms
of the specific CAs they accumulate.
The availability of a mouse strain that possesses a non-

functional Pnmt (Ebert et al. 2004) offers the possibility to
assess whether the secretory response to a typical EPI selective
stimulus like hypoglycaemia will result in NE release, and
whether the morphological distribution of dyes reported to be
‘selective’ for adrenergic cells are preserved in these animals.
Similarly, these mice can be used to evaluate if the character-
istic ultra-structural differences among secretory granules are
caused by the CA stored. Finally, we assessed whether the
absence of Pnmt activity affected theCAcargo and release, and
if the kinetics of single exocytosis events are altered. In
summary, we compared different aspects of chromaffin cells in
the adrenal medullary tissue of Pnmt-KOmice relative towild-
type (WT, 29x1/SvJ) animals.

Materials and methods

Materials

Culture plates were obtained from Nunc (Roskilde, Denmark). The
3,4-dihydroxybenzylamine (DHBA) (858781), Dulbecco’s modified
Eagle’s medium (DMEM) high glucose (D5648), EDTA (ED2SS),
HEPES (H3375), insulin (I5500), paraformaldehyde (P6148),
penicillin G (P3032), phenol-chloroform (77617), poly-D-lysine
(P1024), hematoxylin (Harris modified Solution, HHS16), eosin
(E4009) Triton X-100 (T9284), Durcupan� (44610), glutaraldehyde
(G5882), and OsO4 (75633) solutions were obtained from Sigma-
Aldrich (Madrid, Spain). Fetal bovine serum (FBS, DE14-801F)
was purchased from Lonza (Verviers, Belgium), Papain (3126) from
Worthington (Columbus, Ohio, USA) and the Proteinase K
(03115828001, cOmplete�) (11697498001) from Roche Diagnos-
tics (Mannheim, Germany). Gentamicin (1405-41-0) came from
Acofarma (Terrasa, Barcelona, Spain), the PCR kit (E00043) from
GenScript (Piscataway, NJ, USA), Perchloric acid (PCA:
1.00519.1001) from Merck (Darmstadt, Germany), GelRed
(41003) from Biotium (Fremont, CA, USA), potassium dichromate
(141500) from Panreac (Barcelona, Spain), and the glucometer and
glucose detection test strips from Accu-Chek (Roche). The synthesis
of the DNA oligonucleotides to genotype the mice was performed
by Integrated DNA Technologies (Coralville, IA, USA). All the
salts used for buffer preparation were reagent grade.

Animals

The Pnmt-KO (Pnmttm1(cre)Sne) 129x1/SvJ mice were sourced from
Dr. Ebert’s laboratory and produced by inserting the Cre recombi-
nase in exon 1 of Pnmt to disrupt the locus (for specific details see
(Ebert et al. 2004). WT animals (129x1/SvJ -JAX:000691) were
obtained from The Jackson Laboratory (Bar Harbor, ME, USA)
Mice males were housed in type 2 enlarged cage, maximum of three
adult mice per cage, light/dark cycle of 12 h each, 20–22°C, water
and food ad libitum, with environmental enrichment.

Mice were genotyped and Pnmt-KO mice were compared with
WT mice, which were used as control. No randomization was
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performed; mice were assigned to group Pnmt-KO or WT by their
genotype. No blinding was performed.

For genotyping, DNA was isolated from mouse-tail biopsies by
proteinase K digestion followed by phenol chloroform purification
(Sambrook et al. 1989). All animal procedures were performed in
agreement with institutional (ULL CEIBA2017-0244) and European
(2010/63/EU) guidelines and regulations.

Genotyping was performed by PCR (Applied Biosystems 2720
Thermal Cycler) using the primer sequences: 5’-CAGGCGCCTC
ATCCCTCAGCAGCC-3’; 5’-CTGGCCAGCGTCGGAGTCAGG
GTC-3’ and 5’-GGTGTACGGTCAGTAAATTGGACACCGTCC
TC-3’ (Ebert et al. 2004). A 200 bp fragments from the WT allele
and a 160 bp fragment from the KO allele were expected as
amplification products. Approximately 80 Pnmt-KO mice and
similar number of WT animals were used. When necessary, animals
were killed by cervical dislocation ensuring minimal suffering of the
animals.

This study was not preregistered.

Culture of mouse chromaffin cells

Cells from 1-month-old mice (8–12 g) were cultured following the
method as described previously (Dominguez et al. 2012). Briefly,
animals were killed by cervical dislocation, the abdomen was open
and both adrenal glands were removed. The medullas were dissected
using a stereo microscope and transferred to a sterile Petri dish
containing 1 mL of sterile ice-cold Locke’s solution. Tissues were
disaggregated using papain (60–90 UI/mL) for 15–20 min at 37°C
without shaking. After that, the tissues were washed with 800 µL of
fresh Locke’s solution.

The disaggregation procedure was finished by passing succes-
sively through a 1 mL and 100 µL pipette tips, until the suspension
became turbid. Finally, cells were plated on 12 mm diameter poly-
D-lysine coated coverslips at an approximate density of 5 9 104

cells and used after 2 days in culture. The reason for using young
animals for cell culture is because papain gives far better yields of
healthy cells than collagenase, although we had to use 2- to 4-week-
old mice when collagen is only scarcely present.

HPLC analysis of CAs

The adrenal medullas were triturated and sonicated in ice-cold, TENT
lysis buffer, containing (in mM): Tris-Cl (50) [pH 8.0], EDTA (2),
NaCl (150), the protease inhibitor cocktail (cOmplete, 19) and 1%
Triton X-100. Subsequently, the lysate (50 µL) was diluted in
perchloric acid (0.1 N), the homogenates were centrifuged and the
cleared supernatants (20 µL) were diluted to 2 mL in perchloric acid
(0.05 N) containing DHBA (200 nM) as internal standard (Borges
et al. 1986). The homogenates were then analyzed by high-pressure
liquid chromatography (HPLC) (Shimadzu, Kyoto, Japan) coupled to
electrochemical detection (HPLC-ED: Bioanalytical Systems, West
Lafayette, IN, USA) and in our conditions (no alumina purification
step), the detection limits for CAs was 1–5 pmol.

Histology

The adrenal medullas were fixed in 7.5% (wt/vol) formaldehyde and
3% potassium dichromate solution for 24 h at 4°C (Coupland et al.
1976). Subsequently, these glands were dehydrated and embedded in
paraffin under standard conditions, and the tissue sections (7 µm)
were stained with hematoxylin-eosin (HE) using a standard protocol.

Electron microscopy

Adrenal glands from Pnmt-KO and WT mice (6 adrenal glands from
each genotype were isolated and fixed for 48 h by immersion in
paraformaldehyde (4%) and glutaraldehyde (1%) in Sorensen´s
phosphate buffer (SPB, in mM): Na2HPO4 (133) and KH2PO4 (133),
pH7.2, 320 mOsm).Subsequently, the glandswerewashed thoroughly
in SPB, absorbed in 2% OsO4 in SPB for 90 min and dehydrated in
increasing concentrations of ethanol. The tissues were then included in
the Durcupan ACM embedding mixture and the blocks were cut on an
ultra-microtome (Leica Ultracut S� ultramicrotome, Leica Biosystems,
Wetzlar, Germany). Sections (60 nm) were mounted on a 200-mesh
grid, counterstained with uranyl acetate (0.1%) and Reynolds lead
citrate, mounted and observed on an electron microscope (JEM-1010,
80 kV; JEOLLtd. Tokyo, Japan). Images were obtained using a digital
camera (Gatan�, Orius 200 SC model, Gatan Inc., Pleasanton, CA,
USA) at 60009 for cells and 100 0009 for granules.

Image analyses of electron micrographs

One hundred granules (50 WT and 50 Pnmt-KO mice) were
analyzed from six adrenal glands per group using ImageJ/Fiji
software v1.52b (National Institute of Health, Bethesda, MD, USA:
(Schindelin et al. 2012). Although there are many types of granules
in chromaffin cells, we analyzed three types of granules based on
their morphology, considered to be the most abundant that contain
CAs (Koval et al. 2001): large dense core vesicles (LDCVs); rod-
like large dense core vesicles (LDCVrs); and small dense core
granules (SDCGs). After calibration of the image using the correct
scale (1 µm = 1190 pixels), the different chromaffin granules were
selected with the freehand selection tool and all the desired
parameters were measured with the ROI manager tool. The person
who performed the analysis of EM images was different to the
person who took the images and he did not know whether the
pictures come from Pnmt-KO of WT animals.

Insulin-induced hypoglycemia

In order to have an enough WT and Pnmt-KO animals (males) for
the experiments in which adrenal secretion was stimulated by
hypoglycemia, we pooled the mice aged 2–3 months old (20–25 g).
Blood samples were obtained from the tail of the mice and the
glucose concentration was quantified using a standard glucometer
(Accu-Chek; Roche, Madrid, Spain). Insulin was injected intraperi-
toneally (2 UI/kg body weight, in 0.9% NaCl) and approximately
20 lL of blood was sampled at different time points to determine
the plasma glucose. At the end of each time period, the mice were
sacrificed by cervical dislocation and the adrenal medulla was
dissected out, trimmed, lysed in an ice-cold buffer containing
perchloric acid 0.1 N and centrifuged. The lysate was maintained in
perchloric acid (0.05 N) containing 200 nM DHBA as an internal
standard and the samples were stored at �80°C until the CA content
was analyzed by HPLC-ED. When fasting conditions were required,
mice were deprived of food overnight (14 h). The flow-chart for
these experiments is shown in Fig. 1.

Amperometry

A comprehensive description of the carbon fiber construction and
how electrochemical recordings are made has been already
published (Machado 2008) (Segura et al. 2000). Briefly, we used
glass-encapsulated carbon fiber microelectrodes with a 6-µm radius
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(Thornel P-55; Amoco Corp., Greenville SC, USA). The micro-
electrodes were tested at the beginning and end of each experiment,
and accepted for cell studies when the application of NE (50 µM)
resulted in an oxidation current of > 100 pA under stopping flow
conditions.

Glass coverslips with chromaffin cells adhered to them were
placed in a perfusion chamber on the stage of an inverted
microscope (Olympus IX51, Tokyo, Japan). Electrochemical
recordings were performed using a VA-10X potentiostat (NPI
Electronics, Tamm, Germany) and digitized at 4 KHz using a
PowerLab 8/30 data acquisition device (ADInstruments, Bellavista,
Australia). Recordings were made by carefully placing a carbon
fiber microelectrode on the cell membrane. The potential applied
was + 0.65 V against an Ag/AgCl reference electrode. Secretion
was elicited by 5 s pressure ejections of a 5 mM Ba2+ solution from
a micropipette positioned 40 µm from the cell. The recordings
alternated between control and test cells, and comparisons were not
made between experiments carried out on different days.

The data were analyzed using macros for IGOR pro (Wavemet-
rics, Lake Oswego, OR. USA, (Segura et al. 2000) that automat-
ically detect secretory spikes and that extract the following
parameters: Imax, maximum oxidation current, expressed in pA; t1/
2, spike width at half height, expressed in ms; Q, spike net charge,
expressed in pC; m, ascending slope of spike, expressed in nA/s; and
tp, time to peak, expressed in ms. These macros are freely available
upon request. The threshold was calculated as 2.5 SD of the noise of
the first derivative of each recording and spikes with an Imax below
2.5 pA were usually excluded. The kinetic parameters were
calculated as the mean values from at least 20 spikes/cell. To avoid
the deviations caused by the different number of spikes produced by
each cell, the average values of the spike parameters recorded from
each cell were considered as N = 1 (Colliver et al. 2001). The
number of animals/cells required largely depended on the success to
obtain this minimum number of spikes/cell. The person who carried
out the analyses of amperometric data was different form the person
who performed the secretory experiments.

Statistics

Data sets were expressed as the means � SE. The statistical
significance between the experimental groups was evaluated with
the non-parametric Mann–Whitney U-test or Student’s t-test when
appropriate, based on the D’Agostino–Pearson normality test. The
differences were considered significant at the level of p < 0.05 and
the data were analyzed using Prism� Software (Graphpad Prism,
version 7.0, San Diego, CA, USA). For the EM, the data were
depicted using frequency distribution comparing the best fit using
the Extra-sum of squares F-test with a single or double Gaussian
function.

No sample calculation was performed. Outliers were not removed
from any of the analyses.

Results

The Pnmt-KO mice do not produce epinephrine

No detectable amounts of EPI were found in animals without
a functional Pnmt gene, which displayed few differences at
9 months age from the WT mice. Pnmt KO mice weighed
significantly less at this age (Means � SEM, WT:
30.4 � 2.9 g n = 43; Pnmt-KO: 26.2 � 3.3 g n = 43) and
when the animals were exposed to stress like manipulation,
they exhibited dramatically more movement in conjunction
with spontaneous back somersaults. No changes in the dry
weight or in the size of the adrenal glands were observed
(1.8 mg WT n = 13; 1.9 mg Pnmt-KO n = 13: p = 0.47).
HPLC analyses of adrenal CAs detected negligible amounts
of EPI (0.17 � 0.04 nmol/gland) in WT mice and a similar
DA content (0.49 vs. 0.43 nmol/gland), whereas Pnmt-KO
animals contained twice as much NE (12 vs. 7 nmol/gland).
However, this increase in NE did not compensate the lack of
EPI, as the total adrenal CA content in Pnmt-KO mice was
~ 30% lower than in WT mice (Fig. 2). The adrenal content
did not varied significantly between the 2nd and 9th month.

Adrenergic cells in the adrenal medulla without epinephrine

Morphological examination of the adrenal glands from Pnmt-
KO mice revealed only a minor differences from those of
WT animals, with a relatively well preserved general
architecture of the medulla and its relation with cortex.
Although classical potassium dichromate staining could not
strictly differentiate between adrenergic and noradrenergic
cells, noradrenergic cells should preferentially be stained
golden due to the precipitate that forms in the presence of
large concentrations of NE. However, careful observation
failed to detect any major differences between WT or KO
animals, with the dichromate labeling groups of cells (Fig. 3).

The typical morphology of adrenergic and noradrenergic
chromaffin granules is not altered by the presence or

absence of epinephrine

One of the classical criteria used to distinguish adrenergic from
noradrenergic cells is the morphology of the chromaffin

Fig. 1 Effect of insulin on catecholamine content in adrenal glands.
Flow-chart of the experiments. When fasting conditions were required,
mice were deprived of food overnight (14 h), blue double-head arrow.

Insulin was injected intraperitoneally (2 UI/kg body weight, in 0.9%
NaCl) at the moment indicated by the discontinuous line. Approx-
imately 20 lL of blood samples were obtained at the times indicated by

red arrows. at different time points to determine the plasma glucose.
Mice were sacrificed by cervical dislocation and the adrenal medulla
was dissected out, for measuring the CA content as indicated by black

arrows.
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granules when observed by EM following standard glutaralde-
hyde fixation. Epinephrine-containing granules have a regular
spherical shape with an inner matrix that uniformly fills almost
the whole vesicle (Diaz-Flores et al. 2008). Conversely, NE
granules are irregular with a very electron dense, asymmetri-
cally distributedmatrix, leaving large ‘empty’ halos. Although
these features are readily distinguished in the rat and in most
larger mammals (Coupland andHopwood 1966b), they appear
to be less conspicuous in mice (Diaz-Flores et al. 2008).
Nevertheless, most mouse cells can be classified either as EPI
or NE cells using this criterion.
If the morphology of chromaffin granules is influenced by

the presence of NE, all granules from the Pnmt-KO animals
should only adopt a noradrenergic-like shape. However, this

was not what we observed. In typical EM images of
adrenomedullary sections from WT and Pnmt-KO (Fig. 4),
cells with an ‘adrenergic’ phenotype were observed in both
WT andKO cells, despite the lack of EPI. These granules were
round and with a uniform matrix condensation, as observed in
cells from theWTmice. Hence, the condensation ofNE did not
appear to cause the typical aspect of noradrenergic granules.
To assess whether the absence of EPI induced morpho-

logical changes in chromaffin granules, we conducted a
detailed EM study, distinguishing three major categories of
chromaffin granules (see methods): LDCVrs; LDCGs; and
SDCGs (similar but smaller than LDCGs). This classification
was chosen based on ultrastructural morphology and because
these three types were by far the most abundant granules in
chromaffin cells, all reported to contain CAs. While LDCGs
had a morphology compatible with granules of ‘adrenergic’
nature (Fig. 5a), SDCGs were more similar to NE cells due to
the presence of halos (Fig. 6a) and LDCVrs were found in
both cell types (Fig. 5b: (Koval et al. 2001).
Surprisingly, we did not observe differences in the LDCG

chromatic content between WT and Pnmt-KO (Fig. 5a and
c), even though the LDCG aspect was attributed to its
adrenaline content (Coupland and Hopwood 1966a; Coup-
land and Hopwood 1966b). The density of granules in the
cytoplasm was not different (see inset in Fig. 5e) and the
proportion of the vesicular space taken by the halo and
granular area were similar (Figs 5e and 6e). All numerical
values are summarized in Table 1.
The most abundant granule type in chromaffin cells from

both WT and Pnmt-KO animals was SDCGs, representing
5.8 � 0.5% and 8.7 � 1.3%, respectively (mean � SEM
granules/µm2), with chromaffin cells from Pnmt-KO con-
taining significantly more SDCGs than those from WT mice
(Fig. 6c, inset). The chromatic content was similar in both
types of mouse (Table 1, Fig. 6a and b), whereas the size of
the areas differed. Thus, in the WT the frequency distribution
fitted well to a two-sum of Gaussian curve, indicating the
presence of two populations of granules based on their size.
Conversely, only one size distribution of SDCGs was
observed in the Pnmt-KO mice (Table 1) that fitted a single
Gaussian curve (Fig. 6c). With respect to the halo in the
granules, this fitted a bimodal distribution in WT mice of
34.3 � 1.9% (first population) and 49.2 � 3.6% (second
population), whereas in Pnmt-KO mice the proportion of
halo was 41.4 � 0.4% (Fig. 6f).
LDCVrs were significantly more abundant in the Pnmt-KO

(Fig. 6c, inset and Table 1) with different cytosolic density.
The area of LDCVrs in the WT cells differed significantly to
that in Pnmt-KO cells (Table 1, Fig. 5f). Based on the
chromatic content, the LDCVrs of the WT mouse could be
differentiated into two populations, whereas only one
population was observed in the Pnmt-KO (Fig. 5b and d).
Finally, the fraction of the granule occupied by the halo was
similar in both phenotypes.

Fig. 2 Increase in adrenal norepinephrine only partially compensates

the lack of epinephrine. (a) Typical high-pressure liquid chromatography
with electrochemical detection (HPLC-ED) chromatograms of cate-
cholamines. Colored boxes indicate norepinephrine (NE), epinephrine

(EPI) and 3,4-dihydroxybenzylamine (DHBA, internal standard), and the
traces were obtained from wild-type (WT) (upper trace) and phenyletha-
nolamine N-methyltransferase (Pnmt)-KO (bottom trace) adrenal

lysates. (b) Tukey box-plot showing the total catecholamine content in
the left adrenals from WT (n = 16, open columns) and Pnmt-KO mice
(n = 17, solid columns). (c) Quantification of EPI and NE in WT and
Pnmt-KO mice. **p < 0.01 (unpaired Student t-test).
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Sympatho-adrenal stimulation induced by hypoglycemia

Epinephrine is one of the main physiological actors coun-
teracting the hypoglycemic actions of insulin. Therefore, one
of the expected effects resulting from the absence of EPI
should be altered glycemic control, enhanced under severe
circumstances such as in response to insulin. Unexpectedly,
the basal sugar levels in non-fasting Pnmt-KO animals were
significantly lower than in WT animals, although this
difference dissipated under conditions of starving (Fig. 7a).
Insulin (2 IU/kg i.p.) provoked a similar level of hypo-
glycemia in both WT and Pnmt-KO mice, with similar areas
over the curve, being an excellent way to selectively
stimulate ‘adrenergic’ cells. Almost all animals of both mice
strains recovered their normal blood glucose 3 h after insulin
injection, yet while the average values of glycemic in Pnmt-
KO mice were indistinguishable from those of WT mice
(Fig. 7b), insulin injection provoked the death of 5 of the 18
(28%) Pnmt-KO mice and only 2 of the 18 (11%) WT mice.
Insulin-triggered hypoglycemia activates the sympatho-

adrenal system, resulting in the preferential secretion of EPI
(Yoshimatsu et al. 1987; Borg et al. 1994). We used this
approach to test whether the ‘adrenergic’ cells from Pnmt-
KO mice released NE in response to hypoglycemic stress. In
WT mice, insulin induced massive EPI secretion producing a
significant fall in its adrenomedullary content but only a
minor decrease in the NE content (Fig. 7c). Conversely, in
the absence of EPI the adrenal medulla from Pnmt-KO
mouse released NE, yet there was a significant reduction in
NE within the first 2 h of insulin administration (Fig. 7d). As
adrenal responses to hypoglycemia are mediated by selective
splanchnic nerve activation (Verberne et al. 2016), presum-
ably of ‘adrenergic’ cells, our results suggest that NE was
accumulated and released selectively from ‘adrenergic’ cells.
Nevertheless, the reduction in NE content was smaller than
that of EPI in WT animals, which also suggested a less
efficient accumulation of NE by ‘adrenergic’ cells.

Secretory characteristics of chromaffin cells in the absence

of epinephrine

Due to thedifficulty inmeasuring secretion from thewholemouse
adrenal medulla, we used single cell amperometry, eliciting

secretion bypressure injection ofBaCl2 (Fig. 8a andb).We found
no major differences in the frequency of exocytotic events
between WT and Pnmt-KO mice. However, the integration of
amperometric currents over 3 min of recording showed that
Pnmt-KO cells secreted 45% less than WT (161.2 � 19.9 as
opposed to 89.3 � 15.7 pC), although the time-course of
secretion in both cell types were almost identical (Fig. 8c).
The analysis of individual spikes (summarized in Table 2)

indicated that the quantum size (Q) of exocytotic events was
significantly smaller in Pnmt-KO cells. This reduction was
accompanied by a reduction in the maximal concentration of
catecholamines reaching the electrode surface (Imax). This is
typically observed when the vesicular uptake of amines is
impaired or when their vesicular storage reaches a point of
saturation (Montesinos et al. 2008). To analyze this in greater
depth and to check whether the lack of EPI affects all the
granules equally, we performed a box analysis (Machado
et al. 2002). Each box contained spikes sorted according to
their catecholamine content, regardless of the treatment
received. Once the distribution into boxes was performed, the
Imax and Q kinetic parameters were averaged separately for
the WT and Pnmt-KO cells, and plotted (Fig. 9). This
analysis showed that granules with a similar quantum size
from Pnmt-KO cells had faster exocytotic kinetics. This
strategy increased the resolution of the histograms and
descriptive statistics as it avoided the bias caused by different
quantum sizes (for full details see the caption of Fig. 9).

Discussion

For more than a century textbooks have described the
classical physiological effects of EPI and NE, yet it is unclear
what effect a lack of adrenal EPI might have. As the adrenal
medulla is an organ in which both EPI and NE cells co-exist,
we explored how the lack of EPI affects adrenal secretory
responses. We also questioned some of the supposedly ‘well-
established’ distinctions between adrenergic and noradrener-
gic cells through a detailed study of the consequences of the
lack of EPI on the morphology of adrenal tissue. Finally, we
analyzed the characteristics of the quantal release of CAs
from chromaffin cells lacking EPI.

Fig. 3 Histochemical characterization of the

medulla from wild-type (WT) and
phenylethanolamine N-methyltransferase
(Pnmt)-KO mice. Adrenal gland sections

were fixed with formaldehyde and stained
with potassium dichromate and hematoxylin-
eosin (seeMethods). Representative images
taken from 5 mice of each strain. Calibration

bar = 200 µm.
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The main pharmacological differences between EPI and
NE is the ability to stimulate b-ARs (notably the b2 subtype),
where EPI is a potent agonist and NE has little or no effect.
The activation of b2-ARs is implicated in critical body
functions, such as bronchial dilation or glycemic control,
although their contribution to other processes is also notable,
such as the modulation of sympathetic nerve secretory
activity. Adrenal chromaffin cells are by far the largest

reservoir of EPI in the body, producing almost all the
circulating EPI. In the Pnmt-KO mouse, the almost complete
absence of EPI was only partially compensated by an
increase in adrenal NE, confirming earlier data (Moreira-
Rodrigues et al. 2014). This suggests that the mechanisms
underlying CA accumulation in adrenergic and noradrenergic
cell types are not optimized for NE, and that the former
possess specific mechanisms for EPI accumulation. This

(a) (e)

(b) (f)

(c) (g)

(d) (h)

Fig. 4 Electron micrographs of adrenal

medullas. One-hundred granules (50 WT
and 50 from phenylethanolamine N-
methyltransferase (Pnmt)-KO mice) were

analyzed. We used 6 adrenal glands per
group. (a, e) adrenergic cell from wild-type
(WT) mouse. (b, f) noradrenergic cell from

WT mouse. (c, g) ‘adrenergic’ cell from
Pnmt-KO mouse. (d, h) noradrenergic cell
from Pnmt-KO mouse. Arrow identifies
typically ‘adrenergic’ granules. Original

view: (a–d) magnification 95000, Scale
bars 5 µm. (e–h) magnification 9100 000.
Scale bars 200 nm.
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hypothesis would explain why the NE content of normal
adrenergic cells is very low, as the NE newly synthesized by
the vesicular dopamine-b-hydroxylase rapidly leaks into the
cytosol where it is rapidly converted into EPI, which was
efficiently taken up and stored in the adrenergic granule.
The Pnmt-KO mice that completely lack EPI are appar-

ently viable and reproduce normally in homozygosis (Ebert
et al. 2004). The adult animals reached a moderately lower
weight than their WT counterparts, an unexpected result that
might reflect the fat turnover promoted by b-AR activation.
In addition, we noticed an exaggerated rearing and jumping
behavior of these mice on response to manipulation (data not
shown), which could be a product of the excess circulating

NE (amphetamine-like) due its lower vesicular uptake.
However, these behaviors were not explored further here.
The proportion of adrenergic and noradrenergic cells

differs depending on the species, this fraction remaining
roughly similar to the EPI/NE ratios found in the adrenal
medulla (Holzbauer and Sharman 1972). Our Pnmt-KO
mouse expressed non-functional Pnmt, yet some Pnmt
protein was still present (Ebert et al. 2004). Therefore, the
adrenal medulla was assessed by histochemistry with potas-
sium dichromate to stain for CAs, distinguishing two main
cell acini with a dark or golden aspect in the WT mice. Other
histochemical approaches have been used to distinguish
adrenergic from noradrenergic cells such as toluidine blue

Fig. 5 Morphological characteristics of adrenal chromaffin granules.
We used 6 adrenal glands per group. We quantified the area

(expressed in µm2), the density (as number of granules/µm2 of
cytoplasm) and the chromatic content (using 256 tones of grey) of
chromaffin granules from both wild-type (WT) and phenylethanolamine
N-methyltransferase (Pnmt)-KO mice. (a) TEM images showing large

dense core granules (LDCGs). For calibration, an electron-density
scale is shown below, lower values indicating a higher density. (b) As
in A, but showing typical images from large dense core rod-like

vesicles (LDCVrs). (c and d) Histograms of the frequency distribution

showing the electron-density (or chromatic content) of LDCGs and
LDCVrs, respectively. Note the different fits to the frequency distribu-

tion (Gaussian or the sum of two Gaussians) between WT or Pnmt-KO
mice and the type of the granules. (e and f) Frequency distribution
histograms depicting the size distribution of the areas (µm2) of LDCGs
and LDCVrs, respectively. Note the different amplitudes and average

sizes of the granules. Inset graphs in E and F depict the density of the
granules measured as the number of granules/µm2 of cytoplasm:
**p < 0.01.

© 2019 International Society for Neurochemistry, J. Neurochem. (2020) 152, 299--314

306 A. Gonz�alez-Santana et al.



staining (Pasqua et al. 2016). Given the classic morpholog-
ical description of noradrenergic cells preferentially recog-
nized by NE staining with potassium dichromate (Ogata and
Ogata 1917), the darker cells have a noradrenergic phenotype
(although this contrasts with rat and cows: (Coupland and
Hopwood 1966b), cells that were mostly situated in the inner
area of the adrenal medulla. However, there were no
significant differences between WT and Pnmt-KO chro-
maffin cells, indicating that ‘adrenergic’ cells were still of an

adrenergic linage even though they did not contain EPI.
There were several changes in the affinity for hematoxylin in
the zona reticularis of the cortex, adjacent to the medulla
(Fig. 3). This probably reflects changes in the influence of
EPI on the cortex. However, while this may be an important
finding, we feel it is beyond the scope of the present study to
enter into this issue in detail.
Classically, in EM images EPI chromaffin granules are

regular structures accompanied by a small clear halo and

Fig. 6 Size, density, and chromatic content of the small dense core

granules (SDCGs) observed in chromaffin granules from the adrenal
medulla. We used six adrenal glands per group. We quantified the size
(area, µm2), density (number/µm2 of cytoplasm) and the chromatic

content (on a 256 tone grey scale) of chromaffin granules from both
wild-type (WT) and phenylethanolamine N-methyltransferase (Pnmt)-
KO mice. (a) TEM images of small dense core granules (SDCGs)

showing the distribution of electron-dense vesicles in a grey scale (for
8-bit images corresponding to a 256 tone grey scale), lower values

indicate a higher density. (b) Frequency distribution histograms

showing the chromatic content or electron-density of the SDCGs. (c)
Frequency distribution histogram depicting the size distribution of
areas (µm2) of SDCGs. Inset in figure (c) the graph shows the different

densities (number of SDCGs/µm2 of cytoplasm) between WT and
Pnmt-KO mice: *p < 0.05. (d–f) Frequency distribution histograms
showing the percentage of space occupied by the granule halo of rod-

like large dense core vesicles, LDCGs and SDCGs, respectively.
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with a low electron density matrix. This differs from the
irregular shape of NE granules, with an asymmetric and high
density matrix (Diaz-Flores et al. 2008). The availability of
an animal without EPI (Ebert et al. 2004) allowed us to test
whether EPI cells were ‘adrenergic’ because they contained
only EPI, or conversely, the cells contains EPI because they
are ‘adrenergic.’ Our results support this latter hypothesis.

The morphological differences between noradrenergic and
adrenergic chromaffin granules have been attributed to the
main CA stored (EPI or NE). Based on the in vitro
precipitation of aldehydes and NE, it was concluded that
the electron dense matrix of noradrenergic granules was
caused by NE condensation (Coupland and Hopwood 1966a;
Coupland and Hopwood 1966b). This assumption has been

Table 1 Morphological characteristics of LDCG, SDCG, and LDCVr granules

Parameters WT Pnmt-KO

LDCG

Chromatic content (grey scale) 84 � 4 88 � 4
Density (granules 9 µm2 of cytoplasm) 1.6 � 0.2 2.0 � 0.2
Halo (%) 31.0 � 1.6 28.6 � 1.4

Granular area (µm2) 0.03 � 5 9 10�4 0.025 � 3 9 10�4

SDCG
Chromatic content (grey scale) 93 � 1 95 � 1

Density (granules 9 µm2 of cytoplasm) 5.8 � 0.5 8.7 � 1.3*
Halo (%) 34.3 � 1.9 49.2 � 3.6 41.4 � 0.4
Granular area (µm2) 0.012 � 3 9 10�4 0.016 � 5 9 10�4 0.011 � 2 9 10�4

LDCVr
Chromatic content (grey scale) 80 � 2 124 � 3 93 � 3
Density (granules 9 µm2 of cytoplasm) 1.7 � 0.2 3.0 � 0.4**
Halo (%) 35.6 � 1.1 35.8 � 1.1

Granular area (µm2) 0.019 � 8 9 10�4 0.014 � 2 9 10�4 **

LDCG, large dense core granule; SDCG, small dense core granule; LDCVr, large dense core vesicle rod-like; Pnmt, phenylethanolamine N-

methyltransferase.
Data are the mean � SEM – unpaired Student t test: *p < 0.05, **p < 0.01.

Fig. 7 The effect of the lack of epinephrine
on the responses to hypoglycemia. (a)

Tukey box-plot showing blood glucose
concentrations after 15 h of food
deprivation in wild-type (WT) (n = 25) and

phenylethanolamine N-methyltransferase
(Pnmt)-KO (n = 28) mice, or in non-fasting
WT (n = 33) and Pnmt-KO (n = 32) mice.
(b) Time-course (in hours) of blood glucose

after the i.p. injection of 2 IU/kg insulin
(arrow). (c, d) Time-course of the adrenal
catecholamine content after insulin

administration in WT (left panel) and Pnmt-
KO (right panel). Seven animals were used
per data point and the data represent the

means � SEM from 18 animals in each
group. All HPLC analyses of
catecholamines were performed in

triplicates: **p < 0.001 (Student t test).
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maintained to date, yet if this were true, all granules from the
Pnmt-KO should exhibit a noradrenergic phenotype. Con-
versely, if chromaffin granules from ‘adrenergic’ cells were
to maintain their morphological characteristics, it would
indicate that both types of granules possess different
chemical or structural characteristics (i.e., chromogranins)
irrespective of the amines they store, as was probably the
case given that adrenergic granules retain their shape and
electron density irrespective of their amine content. When

either chromogranin A (Montesinos et al. 2008) or chromo-
granin B (Diaz-Vera et al. 2010) were absent, we found a
predominant reduction in adrenal EPI storage, with only mild
changes in NE. Both chromogranins and secretogranin II
seem to be predominant in adrenergic granules (Pardo et al.
2017), probably the difference in the matrix composition of
adrenergic granules creating the low-density matrix observed
after glutaraldehyde fixation.
Using patch-amperometry, the catecholamine content was

measured directly in single chromaffin granules and it was
about 800 mM in the mouse (Montesinos et al. 2008) and
� 1 M in cow (Montesinos et al. 2010). As the major
soluble component in a chromaffin granule is EPI, we would
expect important changes in the aspect of chromaffin
granules. Surprisingly, although LDCGs are thought to
contain EPI (Koval et al., 2001), we did not find important
difference between chromaffin granules, which maintained
their typical morphology regardless of whether they were
from WT or Pnmt-KO mice. However, differences were
found in SDCGs (thought to contain NE nature) and
LDCVrs, which were present indistinctly in both cell types
(Koval et al. 2001). Pnmt-KO chromaffin cells had more
SDCGs and LDCVrs than those from the WT mice, although
in the latter these granules seem to be divided into two
populations depending on their electron density. Accord-
ingly, it is possible that Pnmt-KO cells only contain those
with a greater electron density.
On the basis of these EM studies we conclude that the lack

of EPI caused: i) no morphological changes in those granules
thought to be specific for EPI (LDCGs), while the morphol-
ogy of NE specific (SDCGs) or mixed granules (LDCVrs) did
appear to be altered; ii) there were more granules in the Pnmt-
KO cells and they had an electron dense matrix, representing
a more homogeneous population; iii) The NE present in the
granules of the WT cells tended to compact them, while the
higher predominance of NE in the granules of Pnmt-KO mice
led to more halos and/or a more diffuse content.
As adrenal EPI is a crucial hormone to counteract the

hypoglycemic action of insulin, we use acutely induced
hypoglycemia as a strong selective ‘adrenergic’ stimulus.
Interestingly, basal glycemia was not affected in Pnmt-KO
under fasting conditions, an unexpected result as one might
anticipate less glucose in the absence of EPI. We do not have
an explanation for this and we did not carry out any
experiments to study this further as we felt this issue to be
beyond the scope of this work. Probably these differences
could occur because KO mice develop compensatory
mechanisms that do not involve EPI but perhaps corticos-
terone or glucagon. The Pnmt-KO mice also recover more
rapidly from hypoglycemia induced by insulin, although
some of the Pnmt-KO mice died after insulin injection.
However, this mortality may possibly be due to cardiovas-
cular problems provoked by excess circulating NE rather
than hypoglycemia, as Pnmt-KO mice are known to have

Fig. 8 Frequency of exocytotic events in chromaffin cells. (a) Typical
amperometric recordings from wild-type (WT) animals (a) and
phenylethanolamine N-methyltransferase (Pnmt)-KO (b) after a 5s

application of pressure (5 mM BaCl2, Ba
2+). Red and blue traces show

the secretory spikes and the superimposed black traces represent the
cumulative secretion resulting from the integration of spike charges.
The calibrations bars are in pA for amperometry and in pC for

cumulative secretion. (c) Spike distribution from the experiments
described in A, the data representing the means from 16 to 17
experiments for each condition. The superimposed solid lines corre-

spond to a sigmoidal function using a least squares fit.
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impaired cardiovascular responses to stress (Bao et al. 2008;
Moreira-Rodrigues et al. 2014).
Acute hypoglycemia was the stimulus that causes the

strongest release of adrenal CAs, an indirect response
through splanchnic nerve activation (Morrison and Cao
2000; Verberne et al. 2014). In WT animals insulin almost
exclusively promoted EPI release, with little contribution of
noradrenergic cells, provoking EPI depletion within 2 h of
insulin injection. However, in the absence of EPI the NE
content fell slowly from an initial intermediate level
(� 11 mol/mg protein), indicating that most NE released
was from ‘adrenergic’ cells. It is seems that chromaffin cells
still release CAs during glycemic recovery, yet as our CA
blood measurements were unreliable due to the stress
provoked by needle puncture, we measured the adrenal CA

content over time. In fact the EPI content fell abruptly within
90 min of insulin injection in WT animals, with only a slight
reduction in NE (note the different time course of glycemic
recovery and catecholamine content). Also, the NE content in
the Pnmt-KO fell over 7 h whereas it was stable in WT 3 h
after insulin injection.
Barium is a potent secretagogue used frequently when low

secretory spike firing is required for amperometric recordings,
triggering exocytosis within� 2 s of its application (Baraibar
et al. 2018; Wightman et al. 2018). Barium promotes
receptor-independent exocytosis, which is important in this
study as the receptors, channels and ion carriers on each
chromaffin cell subtype might be different. Total CA
secretion was reduced by 45% by a combination of lower
spike firing and the reduction in the quantum size. Con-
versely, no differences in the time-course of secretory
responses were observed, indicating that the general mech-
anisms coupling the stimulus to secretion were preserved. An
analysis of the quantum release characteristics showed a net
reduction in the quantum size (Q), in conjunction with a
reduction in spike height (Imax, Table 2). These two
parameters are usually well correlated because � 90% of
the CAs are bound to the granule matrix (Schroeder et al.
1996). It is likely that the lower affinity for NE in adrenergic
cells was linked the weaker binding to the granule matrix. The
three natural CAs (DA, NE, and EPI) have a threefold
stronger affinity for VMAT-2 than for VMAT-1, yet similar
for each of them (Erickson et al. 1996). Adrenergic granules
do not express VMAT-2, which it is only present in NE
granules (Weihe et al. 1994; Erickson et al. 1996; Tillinger
et al. 2010). Hence, the main differences observed in quantum
size seem not to be related to the transport of each amine
across the granule membrane but rather, to the mechanisms of
forming vesicular complexes (Wightman et al. 2018).
From our data we suggest that adrenergic cells are

optimized to synthesize and store EPI. Hence, newly
synthesized DA is transported to the granule by the VMAT,
where it is converted to NE by the dopamine-b-hydroxylase
at the inner face of the granule membrane. Due to the lower
affinity of the granule matrix for NE, it mostly remains in the
halo of the granule, from where it leaks towards the cytosol
and is rapidly converted into EPI. Newly synthesized EPI is

Table 2 Characteristics of the secretory spikes obtained from wild-type (WT) and phenylethanolamine N-methyltransferase (Pnmt)-KO chromaffin
cells

Imax (pA) Q (pC) t1/2 (ms) m (pA/ms) tp (ms) N Cells n Spikes

Control BaCl2 51.2 � 5.2 0.8 � 0.1 12.5 � 1.0 15.4 � 2.0 5.9 � 0.3 16 2566
Pnmt-KO BaCl2 40.2 � 3.7* 0.5 � 0.1* 10.8 � 0.8 12.8 � 1.7 5.3 � 0.3 17 1822
Change (%) �21 �30 �14 �17 �9

Cells were stimulated with 5 mM BaCl2 for 5 s (see Materials and Methods and (Segura et al. 2000) and the results were obtained by alternating
WT and Pnmt-KO cells in each experiment using the same calibrated electrode. The data are expressed in the units indicated in parentheses:

*p < 0.05 (Mann–Whitney U-test).

Fig. 9 Spike amplitude versus quantal size of secretory spikes from
phenylethanolamine N-methyltransferase (Pnmt)-KO and wild-type

(WT) mice. All spikes from WT and Pnmt-KO were pooled regardless
of their source and they were then distributed into 19 intervals of
increasing charge that contained the same number of spikes. Each box

contained 220 events (WT + Pnmt-KO) in a distribution that did not
exceed 65% of either group. The spikes were then split into WT and
KO, and their Imax (mean � SEM) was analyzed. Note that at a similar
quantal size, the spikes from Pnmt-KO had a larger Imax than those

from the WT (for explanation see (Machado et al. 2002)). The panels
show the Imax/Q relation from BaCl2-evoked secretion: *p < 0.001,
**p < 0.001 Mann–Whitney U-test with Bonferroni correction. Data

were averaged from the same secretory spikes used in Table 2.
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taken up by the granule and it binds strongly to the matrix,
displacing NE toward the cytosol. As a consequence, almost
all the CAs in adrenergic cells are EPI. Nevertheless, as we
cannot distinguish the noradrenergic cells (unaffected) in the
whole pooled data, the effect on the net catecholamine
content is likely to have been underestimated.
In ‘adrenergic’ cells from Pnmt-KO animals, there is a

smaller fraction of NE bound to the matrix and it cannot not
be displaced by EPI. Although the tight relationship between
Q and Imax was maintained in amine exocytosis from Pnmt-
KO cells, the slope of this ratio differed significantly. This
supports our hypothesis of a lower affinity of the adrenergic
granule matrix for NE since the spikes of similar quantum
sizes had a larger Imax. It therefore seems that the different
granule matrix, and not VMAT, probably contributed to the
selective accumulation of EPI in normal adrenergic cells.
Accordingly, it can be deduced that the higher the NE
content, the larger the vesicle halo. Certainly, EM images
revealed that adrenergic granules normally have less halo
(LDCGs � 30%) followed by the LDCVrs (� 35%) and
finally, those that remain mainly NE (SDCGs � 50%).
These halo proportions were even higher for SDCGs in
Pnmt-KO mice, which mainly contain NE. The distinct
origins of these granules must also be borne in mind, and
while LDCGs and LDCVrs come from the endoplasmic
reticulum, SDCGs seem to come from their budding (Koval
et al. 2001). This may suggest that the chromogranin content
of the matrix was lower in SDCGs, favoring a more
prominent halo, although this will require further research.
In summary, we demonstrate here that ‘adrenergic’

chromaffin cells can store NE instead of EPI but at lower
efficiency. ‘Adrenergic’ cells can retain their phenotype
despite lacking EPI, such that an adrenergic cell is not
adrenergic because it contains EPI but rather, it contains EPI
because it is an adrenergic cell.
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