Norepinephrine Reuptake Is Impaired in Skeletal Muscle of
Hypertensive Rats In Vivo
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Abstract—Certain forms of experimental hypertension are characterized by organ-specific alterations of catecholaminergic
pathways. The purpose of this study was to evaluate, in the same awake and freely moving normotensive Wistar-Kyoto
rats (WKY) and spontaneously hypertensive rats (SHR) before and after the development of arterial hypertension, the
norepinephrine (NE) turnover and, in particular, the neuronal NE reuptake activity that ends its effects once released
from nerve terminals, in subcutaneous adipose tissue and in skeletal muscle, whose sympathetic efferents are
respectively independent or dependent from baroreflexes. Plasma and tissue interstitial NE and 3,4-
dihydroxyphenylethylene glycol (DHPG), its major deaminated metabolite, were measured before and after blockade of
NE reuptake by tissue perfusion of desipramine through microdialysis probes. Arterial pressure and plasma NE in SHR
were similar to those in WKY at 5 weeks of age but increased at 16 weeks of age. In contrast, plasma DHPG was already
higher in young SHR. Basal interstitial NE and DHPG were increased in both tissues of young and old SHR compared
with age-matched WKY. Desipramine induced a higher rise of interstitial NE in SHR of both ages, with a lesser increase
in the skeletal muscle of old compared with young SHR. These results indicate an increased NE turnover in
prehypertensive and hypertensive SHR in both baroreflex-dependent and -independent tissues, not shown by plasma NI
levels in young SHR. In the skeletal muscle, where sympathetic efferents are baroreflex dependent, the reduced
interstitial NE reuptake contributes to the higher availability of interstitial NE for postsynaptic effects in old SHR.
(Hypertension 2001;37[part 2]:698-702.)
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bnormalities of the central neural mechanisms regu- purpose of the present study was to investigate, in vivo, the

lating peripheral sympathetic outflow and catechol- turnover of NE and neuronal NE reuptake by using microdi-
amine metabolism after the release of the neurotransmitteralysis techniquegein 2 peripheral tissues, skeletal muscle
from the nerve endings have been described in the devel-and subcutaneous adipose tissue, which are controlled differ-
opment of hypertension in humasfsand in spontaneously  ently by baroreflexes, in the same awake and freely moving
hypertensive rats (SHR)} the animal model of essential  istar-Kyoto rats (WKY) and SHR before and after the
hypertension most used. In SHR tissues, age-related dif- development of arterial hypertension. In vivo catecholamine
ferences have been reported in the enzymes implicated intyrnover was evaluated by measuring in the tissue interstitium
the synthesis (such as tyrosine hydroxylase and dopamineihe |evels of basal NE and its major deaminated metabolite,
B-hydroxylase) and metabolism (such as monoamine oxi- 3,4-dihydroxyphenylethylene glycol (DHPG), before and af-

dase and catechakmethyltransferase) of norepinephrine  er piockade of the neuronal presynaptic uptake mechanism
(NE), which has been found to be higher in resistance by local tissue desipramine perfusion.

arterie$ but normal in the heart in the early phases of

hypertension development, with an inverse relationship in

adult rats?-° Neuronal uptake of NE, the active mechanism

responsible for removing NE from the synaptic cleft once Methods

released from the nerve terminf@lhas been found to be  The rats were cared for according to the Institutional Animal Care
normal in cardiac and vascular tissti€2increased in the guidelines and the protocols approved by the Institutional Animal

kidney and skeletal muscle of young SHRut reduced in Ethics Committee of the _University of Parma. Male SHR-(tY) and_
the heart®14 and kidney and increased in resistance WKY (n=19) were obtained at 4 weeks of age from Charles River

. Italia (Calco-Como, Italy) and were housed 1 per cage in a room
arteries>¢ of ad_ult SHR. _MO_St of thes_e d_ata on N_E maintained at a temperature controlled between 23°C and 25°C and
turnover are obtained from in vitro or ex vivo tissue studies g 12-hour light/dark cycle. Standard rat chow and water were

that may not exactly reflect the in vivo situation. The supplied ad libitum.
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Body Weight, MAP (Given as Diastolic Pressure+1/3 Pulse Pressure), Heart Rate, and Basal Level of [NE],, [DHPG],, [NE];, and [DHPG],
in Skeletal Muscle and Adipose Tissue of Young and Old WKY and SHR

Basal [NE]; Basal [DHPG];
Body Weight, MAP, Heart Rate, Basal [NE],, Skeletal Muscle, Adipose Tissue, Basal [DHPG],, Skeletal Muscle, Adipose Tissue,

Groups g mm Hg bpm nmol/L nmol/L nmol/L nmol/L nmol/L nmol/L
Young (5 wk)

WKY 88+3* 82+3* 411x6* 1.38+0.13 4.06+0.28% 3.82+0.40% 3.51+0.30% 4.53+0.20% 4.84+0.43%

SHR 91=+5t 864t 399+5t  1.55+0.14§ 7.33+0.708 6.90+0.46 511%+0.49 8.10+0.77 7.24+0.63
0ld (16 wk)

WKY 323+9% 87+41  359+9 1.58+0.12% 3.98+0.37% 3.65+0.36% 3.07+0.34% 4.67+0.31% 4.84+0.51%

SHR 268+7 129+5 367+8 2.46+0.10 10.08+0.82 6.52+0.52 4.89+0.36 9.54+1.01 7.77+0.87

Values are mean=SEM (n=10 rats per group; for plasma values, n=28 rats). MAP indicates mean arterial pressure; subscript p, plasma; and subscript i, interstitium.
Values of [NE]; are given in nmol/L of dialysates and are corrected for the in vivo recovery of DHBA.
*P<<0.01 vs old WKY; 1P<<0.05 and §P<0.01 vs old SHR; and $P<0.01 vs age-matched SHR.

Instrumentation of the Rats and Microdialysis (500 ulL) were repeatedly taken (every 30 minutes). NE and DHPG
Experimental Procedure concentrations in plasma and dialysates from tissue interstitia were
Rats were instrumented with 2 flexible concentric microdialysis Mmmediately analyzed after collection by high-performance liquid chro-
probes with membranes (10-mm length, 0.5-mm outside diameter, matography wnth_electrochemlcal _detectlon as previously dgscﬁbed.
and molecular weight cutoff 20 kDa; CMA/20, CMA/Microdialysis 10 @void possible analytical interferences of NE with 3,4-
AB) as we have previously describ&dTwo small bioptic samples ~ dihydroxyphenylalanine, the pH of the mobile phase was rigorously
taken after the insertion of the guide were quickly frozen and malntglne(_j ak2.65. Peak identification was performed on the basis of
controlled by cryostatic sections for histological confirmation of the retention time of external standards and on cyclic voltametry. All drugs
position of the tip of the probes in white adipose tissue or skeletal and chemicals were purchased from Sigma Chemical Co.

muscle. The probes were then connected to a microperfusion pump . . . . .

(CMA100, CMA/Microdialysis AB) and perfused at a flow rate of ~Microdialysis Probe Calibration and In Vivo

2.0 ;u,L/m_in with a Ringer’s solution of the following millimolar Recovery Experiments

composition: NaCl 140, KCI 3.0, Mg¢L.0, and CaGl1.2. The rats Microdialysis probes were calibrated in vivo for the relative recovery
took a few minutes to recover from experimental handling, and after 5t of NE and DHPG in all animals undergoing experimental
a 30-minute equilibration period, the dialysates from microdialysis procedures by perfusing 3,4-dihydroxybenzylamine (DHBA), an

probes were collected alt 30-rr}inute ifntervals over a periodf 0f 210 jyternal standard that is thought to behave like catecholamines and
minutes and immediately analyzed for NE and DHPG. After 90 1,5 e gimilar diffusion characteristics. DHBA in the Ringer's perfu-

minutes (basal period), the perfusion was changed to the RINger's g, so1ution at a concentration of 0.4 nmoliL has not been shown to
solution containing de3|pram|'ne hy_drochlorlde (concentratlon of 5 possess any pharmacological activity on NE or its metabolite
pmol/L ata flow rate of 2uL/min, giving a presumed quantity of 10 levels1® The recovery rate is needed to estimate the absolute NE

pmol/min in the tissue interstitium), which was perfused for 120 interstitial concentration from the concentration in the dialysate; NE

minutes. This concentration and perfusion rate of desipramine were . : : ;
: ; : ; .~ and DHPG concentrations measured in the dialysate obtained from
chosen because in our experience, no systemic effects of de5|pram|n<% . ! Y s
he skeletal muscle and adipose tissue were corrected for an in vivo

on NE and DHPG plasma levels were observed until 240 minutes of recovery of DHBA (mean recovery rate was-4%), being rela-

perfusion at this concentration. At the end of the experiment, the tively steadv at thi fusi t d not d ina during th
young rats were housed again for a longitudinal study. The same lvely steady al this periusion raté and not decreasing during the
microdialysis experimental procedurels

groups of animals were reexamined at the age of 16 weeks.

To exclude the possibility that the insertion of the small microdi- _ .
alysis probes in the dorsal region may have altered sympathetic Statistical Analysis
activity in these strains, we simultaneously measured plasma NE andValues are presented as mezBEM. Statistical analysis was based
DHPG levels during the microdialysis procedure in cannulated on a 2-way ANOVA model for repeated measures, in which the
conscious and unrestrained rats=@ per each group). Five days  dependent variable (NE or DHPG) represents the same measurement
before the microdialysis procedure, young and old WKY and SHR taken at various times. The Studerest either for independent or
were instrumented, after anesthesia with sodium pentobarbital (60 paired samples was used to compare group means when ANOVA
mg/kg body wt IP) on a temperature-regulated table to maintain showed a significant effect of the factor. A value B£0.05 was
rectal temperature between 36°C and 38°C, by placing cathetersconsidered statistically significant.
(polyethylene tubing [PE-10] welded to a PE-50 catheter) in the
femoral artery for blood sampling and arterial pressure measure- Results
ments and in the femoral vein for volume replacement (same amount ) .
of iso-oncotic artificial rat plasma: 2.5 g/dL of each BSA and Body Weight, Arterial Pressure, and Heart Rate
immunoglobulin in Ringer’s solution; volume replacement rate: 30 As shown in the Table, compared with age-matched WKY,
mL/kg per hour for young and old rats for 10 minutes and then 1 g5_\veek-old SHR showed no differences in mean arterial

mL/kg per hour). The catheters, filled with heparinized saline, were d heart rate. Bod iaht | t this ti
positioned in the abdominal aorta and in the vena cava, tunneled pressure and heart rate. body weight was also at this ume

subcutaneously, extruded at the back in the low interscapular region, cCOmparable in both strains. Mean arterial pressure was higher
and protected from the rat by insertion into a stainless-steel tether. in 16-week-old SHR than in younger SHR and age-matched
After that procedure, the rats were again placed in individual cages. \yKy (P<0.01,t test). Heart rate was reduced in old rats

The arterial catheter was coupled to a pressure transducer (Statha - . e
P231D, Gould Statham Inc), and the signal was amplified andn}:Ompared with young ratsP(0.01, t test) without differ

recorded by a data-acquisition system (MP100WS, Harvard Appa- €Nces between the 2 strains. Body weight was higher in old
ratus). Before and during the microdialysis procedure, blood samples WKY compared with age-matched SHR<€0.01,t test).
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A B
desipramine 75 7 desipramine Figure 1. Time course of plasma NE (A) and
37 = 6 - DHPG (B) before and during desipramine perfu-
% i/}\'ﬁﬂ/ g //V/i\i“ sion of skeletal muscle and subcutaneous adi-
g 24, £ 45 . = ? pose tissue through microdialysis probes in SHR
EE g I f\: % @/ /g\/‘}\/é‘% and W!(Y (n=8 per group) at 5 and 16 weeks of
2 8 37 e age. Differences between groups were deter-
17 mined by ANOVA. Values are presented as
151 mean=SEM. In panel A, *P<0.01 compared with
0 ——— 0 —— T 16-week-old SHR; in panel B, *P<0.01 compared
0 30 60 90 120 150 180 210 0 30 60 90 120 150 180 21 with age_matched SHR. There were no effects of
ime (min) ime (min) desipramine over time.
—=— SHR-5w o WKY-5w —e— SHR-16w —o— WKY-16w
Plasma Catecholamine Levels over time in all groups (ANOVAP<0.001) and a significant

As depicted in Figure 1 and indicated in the Table, young SHR difference between young and old SHR=@#9, P=0.023, 1df)

and WKY showed similar levels of plasma NE, whereas DHPG and between age-matched SHR and WKY (ANOWR4;0.001).

was higher in still normotensive SHR compared with age-

matched WKY. After the development of hypertension, com- Interstitial Catecholamines in Adipose Tissue

pared with young SHR and age-matched WKY, SHR showed Marked increases in the basal levels of NE and DHPG were

increased plasma NE (Table and Figure 1A). DHPG levels were observed in age-matched SHR compared with WRY.Q.01,t

also confirmed to be higher in old SHR compared with old test; Table and Figure 3A and 3B). Whereas young and old

WKY (Table and Figure 1B). Tissue perfusion of desipramine WKY exhibited a 2- to 3-fold increase in NE levels after

through the microdialysis probes did not alter the plasma desipramine perfusion, a 5- to 6-fold increase was observed in

concentrations of either NE or DHPG (Figure 1A and 1B). age-matched SHR (Figure 3A). ANOVA revealed a significant
effect of desipramine over time in all studied groups (ANOVA,

Interstitial Catecholamines in Skeletal Muscle P<0.001) as well as a significant difference between age-

Basal NE levels in dialysate from skeletal muscle (adjusted for the matched SHR and WKY (ANOVAP<0.001). Desipramine

in vivo recovery of DHBA) were much higher in SHR compared perfusion halved interstitial DHPG levels in all groups

with WKY (P<<0.01,t test) (Table and Figure 2A). In old animals  (ANOVA, P<0.001, over time for all groups and between

(16 weeks), a further increase in NE levels was observed in SHR groups of age-matched SHR and WKY; Figure 3B).

compared with younger SHR, whereas similar NE concentrations

were found in young and old WKY. As shown in Figure 2A, both Discussion

young and old WKY as well as old SHR exhibited a 2- to 3-fold In certain forms of experimental hypertension as well as in a

increase in interstitial NE concentrations over the basal levels aftersubgroup of young hypertensive patients, sympathetic traffic

desipramine perfusion; in contrast, a 5-fold increase of interstitial to the cardiovascular system is increased, especially in the

NE over the basal value was observed in young SHR. ANOVA early phases.In the present study, we have applied the

revealed a significant effect of desipramine over time in all groups microdialysis technique to investigate, in vivo and in a

(ANOVA, P<0.001) and a significant difference between young longitudinal study performed on the same group of awake and

and old SHR (ANOVA, F6.6, P=0.012, 1df) and between freely moving normotensive WKY and in SHR, the regional

age-matched SHR and WKY (ANOVA<0.001). Basal intersti- ~ turnover of NE in 2 peripheral tissues before and after the

tial DHPG was significantly higher in young and old SHR com- development of hypertension. Sympathetic neural activity

pared with age-matched WKYP{0.01,t test; Figure 2B). The and NE turnover, as expressed by basal interstitial NE and

inhibition of presynaptic reuptake by desipramine perfusion halved DHPG concentrations, were higher in both skeletal muscle

DHPG levels in the interstitium of young and old WKY and old and subcutaneous adipose tissue in young still normotensive

SHR, whereas a much higher reduction was reached in young SHRSHR than in age-matched WKY. The increased basal inter-

(Figure 2B). ANOVA showed a significant effect of desipramine stitial NE levels in both tissues from young SHR suggest an

A B
Figure 2. Time course of NE (A) and DHPG (B)

404 desipramine z 77 desipramine levels in dialysates from skeletal muscle before

0 —4 g 10 — and during desipramine perfusion through micro-
) 307 - 3 dialysis probes in SHR and WKY (n=10 per

g —¥ o 754 T group) at 5 and 16 weeks of age. These values
éo 201 2 were corrected for the in vivo recovery of DHBA.
E 5 Differences between groups were determined by
5 01§ 8-—p o ,s | ANOVA. Values are presented as mean=SEM. In
= ¥ o E ' both panels, *P<0.05 between 5- and 16-week-

—————— 0 — 7 old SHR; tP<0.01 between age-matched SHR
0 30 60 90 120 150 180 210 0 30 60 90 120 150 180 210 and WKY; and ANOVA for repeated measures,
P<0.001 for desipramine effects over time in all
groups for NE and DHPG.

time (min) time (min)

—=— SHR-Sw —o— WKY-5w —e— SHR-16w —o— WKY-16w
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A B
407 desipramine . 1257 IW Figure 3. Time course of NE (A) and DHPG (B)
@ £ levels in dialysates from subcutaneous adipose
£ 30 5 104 tissue before and during desipramine perfusion
= ° through microdialysis probes in SHR and WKY
= % 751 (n=10 per group) at 5 and 16 weeks of age.
3 20 g Th e
g g 5. ese values were corrected for the in vivo
= o) 3 recovery of DHBA. Differences between groups
2 107 Pamm— 75/§ & 25 ﬂ\\gbaz were determined by ANOVA. Values are present-
o—f—o——F" =) ed as mean=SEM. In both panels, *P<0.01
%0 3 6 9 120 150 180 210 % 30 60 9 120 150 180 210 between age-matched SHR and WKY; ANOVA
) ) fime (min) for repeated measures, P<<0.001 for desipramine
time (sin) effects over time in all groups for NE and DHPG.
—»— SHR-5w o WKY-5w —e— SHR-16w o WKY-l6w

increased release from nerve endings of the neurotransmitterawake, undisturbed, lightly restrained, 1 per cage, chronically
associated with a higher local neuronal uptake and metabo-cannulated rats by sampling arterial blood and paying partic-
lism by intraneuronal monoamine oxidase, as expressed byular attention to volume replacement. This finding concerning
elevated interstitial DHPG levels. These data obtained in vivo plasma NE conflicts with results obtained by other
confirm the ex vivo results obtained by others in skeletal groups'?-20 However, some repoRs23 showed similar
muscle tissue of 5-week-old SMRnd provide new findings  plasma levels of NE in SHR and WKY and higher levels only
on an increased sympathetic activity discharge and turnoverwhen blood was taken by venipuncture in restrained and
of NE in subcutaneous adipose tissue, where sympatheticimmobilized rats, suggesting a hyperresponsiveness to the
outflow is independent from baroreflex function. Hence, restraint. The increased sympathetic activity and NE turnover
because it is thought that skeletal muscle sympathetic activ-in young SHR is better reflected by plasma DHPG than by
ity, but not subcutaneous adipose tissue sympathetic outflow, plasma NE concentrations. Vlachakis and Alexafidiaund
is related to baroreflex function, it appears that in the SHR in SHR that plasma catecholamine metabolites are correlated
model of hypertension the increased sympathetic activity is better with increased sympathetic activity than is NE.
not simply the result of decreased baroreflex inhibition butin  Therefore, in the present study, conclusions about sympathetic
all likelihood a more diffused peripheral sympathetic activa- activity based solely on NE plasma levels in young SHR seem to be
tion. Other groups have previously shown an early activation limited and not representative of the higher levels found in intersti-
of sympathetic nervous activity in SHR by measuring plasma tial tissues. This discrepancy is probably due to the various pro-
NE levelg®20and NE turnover rates in plasma and in other cesses to which NE is submitted after release into the synaptic gap
peripheral tissues2t and before spilling into the blood stream. Hoeldtke &t bhve

In the present study, the in vivo presynaptic reuptake of NE observed that the quantity of NE that spills into the plasma from the
in skeletal muscle and in subcutaneous adipose tissue, measynaptic cleft appears to bel2% to 20% of the quantity released
sured as the increase in NE levels in dialysates from the from nerve endings in the whole body. This difference between the
interstitium and the parallel drop of DHPG from basal levels high interstitial concentration in the synaptic cleft (and thereby at the
after local perfusion of desipramine, is much higher in young receptor site) and the concentration in the plasma appears to be
SHR (5-fold for NE) than in age-matched WKY (2- to greatly influenced by local NE metabolism. Another factor to
3-fold), thereby indicating a more active presynaptic reuptake consider is that plasma NE concentrations depend on NE clearance.
in the former strain. In both tissues, the effects of desipramine A variety of circumstances can change the rate at which NE is
on interstitial NE levels were attributed to a local inhibitory removed from the plasma in the 2 strains. An increased cardiac
action on tissue presynaptic reuptake and were not due tooutput, as found in the early phases of hypertension in young SHR,
systemic action because the drug did not alter plasma DHPGcan determine a parallel rise in NE removal from plasma, contrib-
or NE in any group. Because a small part of DHPG may be uting to the discrepancy between interstitial and plasma NE levels in
derived by the spontaneous leakage of NE from storage this strairt325
vesicles into the axoplasta,it might be worth noting also However, in the presence of increased sympathetic discharge
that the increased levels of interstitial DHPG, even during from the striated muscle of young SHR, a normal level of blood
neuronal uptake blockade by desipramine, suggest an in-pressure was measured. Obviously, the elevated activity of the
creased leakage of NE from vesicle to the axoplasm in both sympathetic nervous system at this time was not sufficient to
SHR tissues. Moreover, because the leakage is a passiveause a rise in vascular tone and consequently in blood pressure.
process, such a finding would be consistent with an increasedin young SHR, this may depend on the efficiency of other
amount of NE in the vesicular stores of SHR. counterbalancing mechanisms (such as endothelium-derived

In the present study, no differences in plasma NE were relaxing factors) that modulate the increased sympathetic
detectable between young SHR and WKY, whereas higher activity.
plasma levels of its metabolite DHPG were measured in SHR.  After the development of hypertension in SHR, plasma NE and
Intraneuronally generated DHPG, different from NE that DHPG levels were higher than the levels found in young SHR and
underwent rapid metabolic transformation, would be ex- age-matched WKY. Basal NE interstitial levels in skeletal muscle
pected to traverse the cell membrane readily and enter thewere greater in old SHR than in young SHR, whereas a blunted
circulation. Plasma NE and DHPG levels were measured in increase in NE after desipramine perfusion (2- to 3-fold), indicating
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a reduction in presynaptic NE reuptake at this age compared with a 4.
younger age (5-fold increase), was found. Such a behavior in older
SHR allows for a higher availability of NE for postsynaptic vascular
effects leading to the sustained increase of vascular resistance
observed at this age. This higher NE interstitial level may also affect 6.
muscle metabolism in SHR of this age by inhibiting at a concen-
tration in the same range the oxygen consumption and glucose -,
uptake2® The explanation for reduced in vivo NE reuptake in
skeletal muscle of SHR after the development of hypertension is not
clear even if some hypotheses may be put forward propounding a &
potential effect of angiotensin I, which at very low concentrations
can markedly inhibit NE uptaké&.In a recent stud§,the authors
showed an impairment in total and cardiac neuronal NE reuptake in
patients with essential hypertension compared with normotensive
patients, suggesting a functional reduction in NE presynaptic trans-
porter activity linked to possible NE transporter gene muta#dns.

5.

9.

Moreover, in subcutaneous adipose tissue, basal NE levels11.

in dialysates were higher in old SHR than in age-matched
WKY but were similar to levels in young SHR. In contrast to
the observation in skeletal muscle, the responses to desipra-

mine perfusion on NE interstitial levels in subcutaneous 13.

adipose tissue were higher in old SHR compared with
age-matched WKY but not different from those in respec- ,,
tively younger rats. In white adipose tissue, adrenergic nerve
fibers are present around vessels, but they are also abundantly
distributed directly on fat cell? Their activation, which is 1%
independent of baroreflex control, is mainly involved in the
regulation of lipolysig® Compared with age-matched WKY,
SHR show a lower increase in body weight during their life
spans, and this could be related to the continuously increased
activity of the sympathetic nervous system in their white
adipose tissue throughout their lives.

In conclusion, sympathetic nervous system activation is 18.
increased and appears to be independent of baroreflex func-
tion, being present in skeletal muscle and subcutaneous,g
adipose tissue in awake and freely moving hypertensive rats.
In addition, the present findings obtained in vivo support the
notion of increased release, reuptake, turnover, and storage of%:
NE in SHR of both ages. Finally, after the development of ,;
hypertension in SHR, neuronal NE reuptake is reduced in
skeletal muscle and may be responsible for the enhanced22.
availability of NE for postsynaptic vascular effects, contrib-
uting to the increased vascular resistance in this tissue and
hence to the elevation of blood pressure.

16.

24.
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