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Cerebrovascular consequences of repeated exposure to NG-nitro-
L-arginine methyl ester

'Paul A.T. Kelly, Isobel M. Ritchie & Fiona M. Collins

Department of Clinical Neurosciences, University of Edinburgh, Edinburgh EH4 2XU

1 Acute treatment with the nitric oxide synthase (NOS) inhibitor N`-nitro-L-arginine methyl ester
(L-NAME) produces cerebral oligaemia. The effects of repeated exposure to L-NAME upon cerebral
blood flow were examined to determine whether the enhanced NOS inhibition reported following chronic
treatment might reduce cerebral perfusion to ischaemic levels.
2 Rats were treated with L-NAME (75 mg kg-', i.p.) once daily for 10 days. Local cerebral blood flow
and glucose utilization were measured by ['4C]-iodoantipyrine and ['4C]-2-deoxyglucose quantitative
autoradiography respectively, either 1 h or 15 h after the last injection. A second group of rats was
injected (i.p.) only once with L-NAME, either 1 h or 15 h prior to the measurement procedures.
3 Mean arterial blood pressure (MABP) was significantly increased (+ 35%) 1 h after a single injection
of L-NAME. Although the hypertension was reduced 15 h after the injection (+ 13%), MABP remained
significantly higher than control.
4 Local cerebral blood flow was significantly decreased 1 h after a single injection of L-NAME (ranging
from -45% to -54%), and remained so even after 15 h (-39% to -48%). At neither time-point was
there any change in glucose utilization.
5 At 15 h after the final injection of the chronic L-NAME treatment protocol, MABP was significantly
elevated from control (+ 58%) and was also significantly higher than at 1 h following a single injection
(+ 20%). There was no effect upon the established hypertension when rats treated chronically with
L-NAME were challenged with a further injection of the drug and MABP was measured 1 h later,
suggesting saturation of NOS inhibition.
6 Although reduced, cerebral blood flow was not significantly different from control when measured
15 h after the last injection of the chronic L-NAME treatment. When rats treated chronically with
L-NAME were subjected to a further challenge with the drug, cerebral blood flow was reduced when
measured 1 h after the acute injection (ranging from -34% to -41 %). There was however evidence of
some attenuation in the response when compared to that measured 1 h after a single injection of L-
NAME (ranging from -45% to -54%). Thus, the cerebral circulation shows no evidence of either
sustained L-NAME-induced vasoconstriction or saturated NOS inhibition following 10 daily injections
of L-NAME. Chronic L-NAME treatment had no effect upon cerebral glucose use.
7 The trend towards re-establishment of cerebrovascular dilator tone and the normalization of cerebral
flow-metabolism relationships could explain the lack of any ischaemic damage found in chronically
treated rats, but the loss of an extended autoregulatory range afforded by acute L-NAME treatment may
be responsible for an increased incidence of stroke.
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Introduction

Decreases in basal cerebral blood flow (CBF) have been de-
scribed following nitric oxide synthase (NOS) inhibition by a
variety of N0-substituted arginine analogues, including N0-
nitro-L-arginine (L-NOARG) (Kovach et al., 1992; Wang et
al., 1992; Dirnagl et al., 1993), N0-monomethyl-L-arginine
(Tanaka et al., 1991; Kozniewski et al., 1992), and N0-nitro-L-
arginine methyl ester (L-NAME) (Goadsby et al., 1992;
Northington et al., 1992; Prado et al., 1992; Iadecola et al.,
1993b; Pelligrino et al., 1993). Where experiments have in-
cluded a measure of cerebral metabolic activity, it has been
found that these decreases in CBF occur in the absence of any
underlying change in metabolic demand for glucose (Macrae et
al., 1993; Kelly et al., 1994). Under most normal physiological
conditions, CBF is closely coupled to the underlying metabolic
demands of brain tissue (Sokoloff, 1981) and where this re-
lationship is severely compromised, as with excitotoxins, irre-
versible damage to brain tissues is likely to occur (Celik et al.,

1982). Thus the cerebral oligaemia which is evident following
acute NOS inhibition represents an inherently unstable phy-
siological situation with obvious potential for pathlogical se-
quaelae.

Repeated treatment with NOS inhibitors produces an in-
cremental decrease in neuronal NOS activity (Dwyer et al.,
1991), but effects upon endothelial NOS, as they are manifest
in the haemodynamics of peripheral vascular beds, are com-
plex. Chronic exposure to NOS inhibitors in drinking water
results in the development of a level of hypertension which is
more pronounced than that observed following acute treat-
ment and which persists even after the treatment has ended
(Morton et al., 1993). However, this masks a much more dy-
namic cardiovascular response in which both alterations in
cardiac output and regionally heterogeneous constriction of
vascular smooth muscle over the period of chronic treatment
may contribute to the observed blood pressure response
(Gardiner et al., 1992; 1993a).

Given that a single injection of the NOS inhibitor L-NAME
produces reductions in cerebral blood flow (Kelly et al., 1994),
repeated treatment might be expected to result in even more
profound cerebrovascular effects, possibly reducing CBF to
ischaemic levels. The resultant pathological perturbation of the
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cerebral circulation would be likely to confound the inter-
pretation of, for example, behavioural studies of learning and
memory in which daily injections of NOS inhibitors are a ne-
cessary part ofthe experimental design (Bannerman et al., 1994).
In the present study, the effects of repeated exposure to L-
NAME upon local cerebral blood flow (LCBF), and the re-
lationship to local cerebral glucose utilization (LCGU), were
examined in parallel groups ofsimilarly treated rats to determine
whether chronic L-NAME treatment results in an enhanced and
sustained cerebrovascular oligaemia. The quantitative auto-
radiographic methods used to assess LCBF and LCGU allow
only a single measurement in the brain regions ofinterest, and so
thatwe might be able to differentiate between sustained effects of
chronic L-NAME and those which might arise acutely from the
last injection, we measured LCBF and LCGU at 1 h and 15 h
after the final injection of the chronic treatment protocol and
compared these results with the effects at similar times after a
single acute exposure. Moreover, this experimental design pro-
vided insight into the effects ofa further challenge with L-NAME
upon cerebrovascular phenomena already established by the
chronic treatment, and allowed comparisons to be made with the
hypertensive effects of the drug treatments. An abstract de-
scribing parts of this study has been published (Kelly& Ritchie,
1994).

Methods

Acute treatment protocols

Male Sprague-Dawley rats (250-275 g) were injected in-
traperitoneally on a single occasion with either saline (n = 8)
or the nitric oxide synthase inhibitor, L-NAME (75 mg kg- ;
n = 16). Equal numbers of rats were used for the measure-
ment of LCBF or LCGU either 1 h or 15 h after the injec-
tion.

Chronic treatment protocols

Male Sprague-Dawley rats (250-275 g at the outset) were
injected intraperitoneally with L-NAME (75 mg kg-'; n= 20)
or saline (n = 20) once daily for ten consecutive days. On the
day of the experiment equal numbers from each group were
injected with either saline or L-NAME (75 mg kg-') 1 h prior
to the measurement of either LCBF or LCGU. The final in-
jection of the chronic treatment was given 15 h prior to the
acute injection. Thus there were four treatment groups for each
of the two measures (n= 5 in each treatment gro4 for each
measure); chronic saline+ acute saline, chronic saline+ acute
L-NAME, chronic L-NAME + acute saline, chronic L-
NAME + acute L-NAME.

Animal preparation

On the day of the experiment the animals were prepared for the
measurement of LCBF and LCGU as previously described
(Kelly et al., 1994), with the addition of an indwelling in-
traperitoneal cannula inserted via a trocar into the abdominal
space under halothane anaesthesia (1% in a mixture of 70%
nitrous oxide and 30% oxygen). All wounds were infiltrated
with local anaesthetic (2% lignocaine spray) and covered with
anaesthetic-soaked gauze. Rectal temperature, blood pressure
and heart rate were monitored continuously throughout the
experimental period. Blood gas status and plasma glucose le-
vels were measured immediately before drug treatment and
again before the initiation of blood flow or glucose use mea-
surements. Rats were allowed to recover from anaesthesia for
at least 2 h before experimentation began.

Measurement of local cerebral blood flow

Cerebral blood flow was measured using the fully quantitative
["'C]-iodoantipyrine autoradiographic technique (Sakurada et

al., 1978). The tracer (35 yCi in 0.5 ml saline) was infused
intravenously at a constantly accelerating rate over 45 s.
During the infusion period, blood was allowed to flow freely
from one of the arterial cannulae and timed samples were
collected intermittently onto preweighed filter discs. The tim-
ing of each sample was subsequently corrected to take account
of the delay introduced by the flow characteristics of the
cannula tubing. At 45 s, the animals were killed by decapita-
tion, the brains dissected intact, and frozen in pre-cooled iso-
pentane (-450C) within 2 to 3 min of death. The filter discs
were placed in scintillation vials and reweighed to determine
the sample weight before being prepared for liquid scintillation
analysis. Sample weights were converted to units of volume
assuming a specific gravity of 1.01.

Measurement of local cerebral glucose utilization

Glucose use was measured in 20 rats using the fully quanti-
tative ['4C]-2-deoxyglucose autoradiographic technique. The
measurement was initiated with a 30 s intravenous injection of
tracer (40 yCi in 0.75 ml saline). Over the subsequent 45 min,
a total of 14 timed arterial blood samples were collected at
predetermined intervals and centrifuged to separate plasma.
Aliquots of each plasma sample were taken for the determi-
nation of "4C concentrations (20 pl) and glucose levels (10 pl)
by liquid scintillation analysis and semi-automated glucose
oxidase assay (Beckman) respectively. At the end of the mea-
surement period the rats were killed by decapitation and the
brains prepared as for blood flow experiments.

Preparation and analysis of autoradiograms

Semi-serial cryostat sections (20 pm) were cut in the coronal
plane from each brain, with three consecutive sections col-
lected from every 200 pm of tissue. Autoradiograms were
prepared by application of the sections to X-ray film (SB-5,
Kodak) in a light-tight cassette for 7 days and the films pro-
cessed according to the manufacturer's instructions. The re-
sultant autoradiograms were analysed with a computer-based
imaging system (Cambridge Instruments Quantimet 970).
Isotope concentrations in brain sections were determined by
densitometric analysis relative to precalibrated "'C-containing
standards (Amersham, U.K.) and LCGU or LCBF calculated
with the operational equations for the techniques (Sokoloff et
al., 1977; Sakurada et al., 1978).

Statistical analysis

Data are presented as mean+s.d. Statistical analyses of the
results from physiological measurements and independent
LCBF and LCGU data were performed by analysis of variance
followed by a post hoc Scheff& test to allow multiple compar-
isons. Acceptable levels of significance were set at P < 0.05. To
provide an initial assessment of differences between treatment
groups in the relationship of LCBF to LCGU in each of the
brain areas included in this study, the ratios of mean LCBF to
mean LCGU were derived for each structure examined and
compared by the Mann-Whitney U-test. More rigorous sta-
tistical analysis of the flow-metabolism relationship was per-
formed by repeated measures analysis of variance (McCulloch
et al., 1982) using the BMDP/PC90 computerized statistical
package (program 2V) (Jennrich et al., 1990). The analysis was
performed on the log transform ofLCBF and LCGU data, the
measurement type being regarded as a grouping factor, and
brain areas regarded as a repeated measures trial factor.

Results

Physiological parameters

Physiological data were pooled from LCBF and LCGU ex-
periments with equivalent treatments. Marked hypertension
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(MABP = 170+ 8 mmHg) was evident 1 h after a single acute
injection of L-NAME, and although MABP was significantly
lower by 15 h after the injection, and was more variable
(143+14 mmHg), it was still significantly higher than control
(126±7 mmHg) (Figure 1). With the exception of MABP,
there were no significant differences between groups in any of
the other physiological parameters, arterial pH, Pco2, P02 or
rectal temperature.
A hypertensive response, similar to that found after a single

injection of L-NAME, was evident following acute L-NAME
treatment in rats previously treated chronically with saline. In
these rats, MABP rose from 125± 6 mmHg before the injec-
tion of L-NAME to 165 +4 mmHg 1 h afterwards (Figure 2).
However, in contrast to the effects of a single injection, 15 h
after the last injection in the chronic L-NAME pretreatment
protocol, MABP (198 ± 8 mmHg) was not only significantly
higher than in the control group (+ 58%) but was also higher
than that found 1 h after an acute injection of L-NAME
(+ 20%) (Figure 2). A further acute challenge with L-NAME
had no effect upon MABP in the chronic L-NAME-treatment
group (MABP=202±6 prior to acute injection and 202+9
after 1 h). With the exception of MABP, there were no sig-
nificant differences in any of the other physiological para-
meters, arterial pH, Pco2, P02, or rectal temperature, either
between treatment groups, or when analysed within groups
before and after acute treatments.

Effects of a single injection of L-NAME upon local
cerebral bloodflow

In keeping with previous results (Bannerman et al., 1994),
LCBF was significantly reduced from control values in all of
the brain areas analysed 1 h after a single i.p. injection of L-
NAME (Table 1). These reductions in flow were relatively
constant throughout neocortical areas, ranging from -47% in
occipital cortex to -51% in cingulate cortex, with similar ef-
fects in hippocampus (-45% to -54%) and striatum
(-46%). Significant reductions in LCBF were also evident
when the measurement was made 15 h after a single injection
(Table 1), and although mean LCBF values were slightly
higher than those measured at 1 h, the difference in response
was minimal, ranging from 1 to 9%, and was not significant.

Effects of a single injection of L-NAME upon local
cerebral glucose utilization and the flow metabolism
relationship

A single injection of L-NAME had no significant effect upon
LCGU measured at either 1 h or 15 h after the injection (Table

2). Decreases in LCBF in response to L-NAME in the absence
of any changes of similar magnitude in LCGU, had profound
effects upon the relationship between brain tissue perfusion
and underlying metabolism. In control rats, there was clearly
an association between mean LCBF and mean LCGU in the
brain as a whole (r= 0.92) and the overall ratio between blood
flow and glucose use, as illustrated by the slope of the best-
fitting straight line, was 1.48 (Figure 3). In those animals
treated with L-NAME, the relationship between LCBF and
LCGU remained largely intact at both 1 h and 15 h after a
single injection (r=0.91; r=0.89) (Figure 3). However, the
overall ratios between LCBF and LCGU (m=0.78; m=0.87)
were lower than in the control group (Figure 3).
An initial analysis using Mann-Whitney U-test revealed

that the ratios of LCBF to LCGU were significantly lower
than control following L-NAME treatment (P<0.004), but
that there was no difference between the ratios at the two time
points. The more rigorous analysis afforded by repeated
measures analysis of variance confirmed that following L-
NAME treatment, the flow-metabolism relationship was sig-
nificantly different from control (P< 0.006).
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Figure 2 Effects of repeated i.p. injections of saline or L-NAME
(75 mg kg-1, once daily for 10 consecutive days) upon mean arterial
blood pressure, measured before (hatched columns), and 1 h after
(solid columns) a final acute challenge with saline or L-NAME. Data
are presented as mean (mmHg)+s.d. *Significantly different from
pre-acute levels within groups; §significantly different from levels
following a single L-NAME treatment (i.e. chronic saline + acute L-
NAME) (P< 0.05; ANOVA followed by post hoc Scheffe test to
allow all possible pair-wise comparisons).

Table 1 Effects of a single injection of L-NAME upon local
cerebral blood flow

200
E *

0m150

0
0

00

Control 1 h 15 h

Fogre 1 Effects of a single i.p. injection of saline or L-NAME
(75 mg kg- 1) upon mean arterial blood pressure measured at I h and
15h after treatment. Data are presented as mean (mmHg)±s.d. for
each group. Sinfcnl different from control and §sinfctl
different from measurement at Ih (P<0.05; ANOVA followed- by
post hoc Scheffte test to allow all possible pair-wise comparisons).

Acute
L-NAME

Control I hour

Neocortex
Occipital
Parietal
Piriform
Cingulate

Hippocampus
CAl
CA2
CA3
Dektate gyrus

Basal kanglia
Striatum

170±12
156±7
112±6
161±10

79±6
93 ±8
97±7
106±8

90±8*
79±6*
58±4*
79 ± 6*

39±3*
43 ± 5*
53±5*
55 ± 7*

15 hour

96±5*
85±6*
62 ± 6*
84±8*

41±6*
51±4*
59±5*
56±5*

152± 10 81±7* 89±4*

Data are presented as mean cerebral blood flow (ml 100g1
min1) ± s.d. (n = 5 in each group). * Significantly different from
saline-treated control group (P< 0.05; ANOVA followed by
posthocScheff'etesttoallowallpossiblepair-wisecomparisons).
Bloodflowwasmeasuredateither I hor 15 haftertheinjection
ofL-NAME.
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Table 2 Effects of a single injection of L-NAME upon local
cerebral glucose utilization

Acute
L-NAME

Control I hour

Neocortex
Occipital
Parietal
Piriform
Cingulate

Hippocampus
CAl
CA2
CA3
Dentate gyrus

Basal ganglia
Striatum

87 ± 5
84±6
50±6
101± 10

47±4
47± 3
60±4
67± 3

95± 5

91±5
83 ±6
57±4
108±6

48 ± 5
50±4
62±2
68 ± 5

96±6

15 hour

95±4
86±2
59±2
108±7

53±4
54±4
66±3
74±6

93 ± 5

Data are presented as mean cerebral glucose utilization
(pmol 100 ge' minf') ± s.d. (n = 5 in each group). No sig-
nificant differences were detected (ANOVA followed by post
hoc Scheffe test to allow all possible pair-wise comparisons).
Glucose utilization was measured at either 1 h or 15 h after
the injection of L-NAME.

Effects of repeated injections of L-NAME upon local
cerebral blood flow

As expected, the acute response to L-NAME in rats previously
treated for 10 days with saline, was both qualitatively and
quantitatively similar to that found in the acute study (cf.
Tables 1 and 3). Once again the reductions in flow were rela-
tively constant throughout neocortical areas, ranging from
-44% in occiptial cortex to -55% in cingulate cortex, with
similar effects in hippocampus (-47% to -53%) and stria-
tum (- 54%) (Table 3). When measured 15 h after the last
injection of the chronic L-NAME treatment protocol, LCBF
was significantly lower than control only in CAl (-20%) and
dentate gyrus (-21%) of the hippocampus, and in the stria-
tum (-22%), but in all areas of the brain, LCBF was sig-
nificantly higher than following an acute injection ofL-NAME
(Table 3). When chronic L-NAME-treated animals were
challenged with a further injection of L-NAME, LCBF (mea-
sured 1 h later) was significantly reduced when compared to
controls and, with the exception of CAl and CA2 hippo-
campal fields, was also significantly lower than with chronic
treatment alone (Table 3). Although LCBF measured in this
group was consistently higher than in the chronic saline with
acute L-NAME treatment group, the conservative statistical
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Figure 3 Effects of a single i.p. injection of saline or L-NAME
(75 mg kg- 1) upon the relationship between local cerebral blood flow
(LCBF) and local cerebral glucose utilization (LCGU) measured at
1 h and 15 h after treatment. Data are plotted as mean LCGU and
mean LCBF values for each of the nine brain areas analysed. The
best-fitting straight lines are shown for (a) saline controls (El), and L-
NAME-treated rats measured (b) at 1 h (0) and (c) 15 h (0) after
treatment.

analysis necessary for multiple pair-wise comparisons in-
idcated significantly attenuated responses to L-NAME only in
striatum and piriform cortex (Table 3).

Effects of repeated injections of L-NAME upon local
cerebral glucose utilization and the flow-metabolism
relationship

As in the acute study, there were no significant differences in
LCGU between any of the chronic treatment groups (Table 4),
and once again this absence of changes in LCGU whilst LCBF
was decreased, resulted in a resetting of the flow-metabolism
relationship in L-NAME-treated rats (Figure 4). The associa-
tion between mean LCBF and mean LCGU found in rats
treated chronically with saline (r= 0.93) was maintained across
all treatment groups whether treated acutely (r= 0.91), or
chronically with L-NAME (r= 0.90), or challenged acutely
following chronic treatment (r=0.88). However, the overall
ratio between LCBF and LCGU, as illustrated by the slope of
the best-fitting straight line, decreased from m= 1.51 in rats
chronically treated with saline, to m = 0.77 in rats treated only

Table 3 Effects of repeated exposure to L-NAME upon local cerebral blood flow

Acute L-NAME
Chronic L-NAME

Acute saline Acute L-NAME

Neocortex
Occipital
Parietal
Piriform
Cingulate

Hippocampus
CAl
CA2
CA3
Dentate gyrus

Basal ganglia
Striatum

164±18
146 ± 14
114± 11
152±16

87±9
94±8
96±13
116± 13

166±13

92± 11*
79 ± 9*
51±5*
75±8*

42 ± 6*
47 ±6*
51±6*
55 ± 7*

77±4*

145±6§
139 ± 9§
107±13§
136±10§

70± 8*§
81±8§
89 ± 9§
92± 10*§

129±6*§

100 ± 14*#
102± 11*#
72± 5*§#
94±8*#

57 ± 6*
62±6*
63 ± 6*#
71±8*#

98± 12*§#

Data are presented as mean cerebral blood flow (ml 100 ge' min'l) ± s.d. (n =5 in each group). *,Significantly different from saline-
treated control groups; §, significantly different from acute L-NAME treatment; #, significantly different from chronic L-NAME
treatment (P < 0.05; ANOVA followed by post hoc Scheffe test to allow all possible pair-wise comparisons). Blood flow was measured at
I h after the last injection of either saline or L-NAME.

Chronic saline
Acute saline
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Table 4 Effects of repeated exposure to L-NAME upon local cerebral glucose utilization

Acute L-NAME
Chronic L-NAME

Acute saline Acute L-NAME

Neocortex
Occipital
Parietal
Piriform
Cingulate

Hippocampus
CAl
CA2
CA3
Dentate gyrus

Basal ganglia
Striatum

92±2
81±5
59±4
101±3

45±2
56±3
54±3
65 ±2

84± 5

98 ±8
83 ±9
60±8
105± 10

50±6
62±8
51±6
66±7

93 ±9

106±9
83 ± 11
67±6
109±11

55 ± 8
62± 5
59± 11
73 ± 8

90±7

96±8
75 ± 5
62±6
95 ±8

49±6
60±6
63 ±6
67±8

85±4

Data are presented as mean cerbral glucose utilization (pmol 100 g' min'l) ± s.d. (n = 5 in each group). No significant differences were
detected (ANOVA followed by post hoc Scheffe test to allow all possible pair-wise comparisons). Glucose utilization was measured at
1 h after the last injection of either saline or L-NAME.

0 00C(b
0

00(d

0

0-

0 40 80 120
Local cerebral glucose utilization

(R±mol 100 g-1 min1)

FIue 4 Effects of repeated i.p. injections of saline or L-NAME
(75 mg kg- 1, once daily for 10 consecutive days) upon the relation-
ship between local cerebral blood flow (LCBF) and local cerebral
glucose utilization (LCGU) measured 1 h after a final challenge with
saline or L-NAME. Data are plotted as mean LCGU against mean
LCBF values for each of the nine brain areas analysed. The best-
fitting straight lines are shown for (a) chronic saline+acute saline
(U), (b) chronic saline+acute L-NAME (0), (c) chronic L-
NAME+ acute saline (El), and (d) chronic L-NAME+ acute L-
NAME-treated rats (0).

acutely with L-NAME (cf. m= 1.48 and 0.78 following similar
treatment in the acute study: Figures 3 and 4). In rats treated
chronically with L-NAME, the overall ratio (m = 1.27) was
greater than that following acute L-NAME, but the ratio was
decreased when chronically treated animals were challenged
with a further L-NAME injection (m = 0.98).
An intitial analysis using Mann-Whitney U-test revealed

that the ratios of LCBF to LCGU were significantly different
in all four groups (P <0.008), but the more rigorous (and
conservative) analysis afforded by repeated measures analysis
of variance indicated statistically significant differences only
between the control group (chronic saline with acute saline)
and the two acute L-NAME-treated groups (P <0.01).

Discussion

Exposure to NOS inhibitors administered in drinking water
results in the relatively rapid development of hypertension in
polydipsic Brattleboro rats (Gardiner et al., 1990). In the acute
phase of experiments such as these, peripheral vasoconstriction

is accompainied by a significant decrease in cardiac output
(Gardiner et al., 1992). Although the blood pressure response
is sustained with treatment periods extending to 72 h, levels of
vasoconstriction, which are apparent acutely, do actually de-
cline in some peripheral vascular beds (Gardiner et al., 1993b).
The maintenance of the blood pressure response despite re-
duced vasoconstriction may result from a restoration of car-
diac output.

With longer treatment protocols, a similar hypertensive
phenomenon has also been described in genetically normal
rats, and chronic inhibition of NOS has been advanced as a
useful model of arterial hypertension (Ribeiro et al., 1992).
Animals treated with NOS inhibitors over several weeks de-
velop a marked hyptertension which persists even after treat-
ment with the NOS inhibitor has ceased (Morton et al., 1993).
However, if the treatment is continued for a sufficiently long
period (11 weeks), the incidence of mortality increases rapidly,
due in the main to renal failure, but cerebrovascular accident
in the spinal cord and brain may also be the cause of death
(Blot et al., 1994). Whilst stroke is an all too common outcome
in chronically hypertensive patients, it is a surprising result in
these rats given the effects upon the cerebrovasculature of
acute NOS inhibition. Although drug-induced acute arterial
hypertension in excess of around a mean pressure of
150 mmHg results in breakthrough of cerebrovascular auto-
regulation, acute L-NAME has been shown to extend the au-
toregulatory range to blood pressures considerably in excess of
the normal upper limit of autoregulation (Kelly et al., 1994;
Talman et al., 1995). It would appear therefore that the in-
creased constrictor tone which results from acute L-NAME
treatment, provides a degree of cerebrovascular protection
against hypertension similar to that found with sympathetic
stimulation (McKenzie et al., 1979). It is a matter of interest
therefore that the protection afforded by acute L-NAME
treatment is apparently lost in the course of chronic treatment
(Blot et al., 1994), despite the fact that the peripheral effects, as
reflected in vasoconstriction-induced hypertension, are main-
tained. In contrast to these previous studies, we used a parental
intraperitoneal (i.p.) rather than enteral (via drinking water)
route of L-NAME administration and much shorter treatment
protocols (10 days as opposed to 11 weeks) so that direct
parallels might be drawn between our examination of the
cerebrovascular consequences of chronic NOS inhibition and
previous behavioural studies (Bannerman et al., 1994).

In this study, a single injection of L-NAME, either in pre-
viously nalve rats or rats treated chronically with saline, had
similar effects in both peripheral and cerebral vessels when
measured at 1 h. In the peripheral circulation, the constrictor
effects were manifest in an increase in MABP of between 30
and 35%, whilst in the cerebral circulation significant vaso-
constrictor-induced decreases in LCBF were measured. As-

Chronic saline
Acute saline
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suming no increase in intracranial pressure, decreased cerebral
perfusion in the face of such a marked increase in perfusion
pressure represents a considerable increase in cerebrovascular
resistance. Interestingly, whilst the acute hypertensive effects of
a single i.p. injection ofL-NAME were significantly attenuated
by 15 h, the effects upon the cerebral circulation remained
almost unchanged from those measured at 1 h. Previous ex-
periments using the intravenous route of administration have
found reductions in LCBF to be maintained up to 3 h after a
single bolus injection ofL-NAME (Macrae et al., 1993), but in
that instance peripheral effects were of a similar duration.
Whether the duration of the acute cerebrovascular response
observed here represents a universal phenomenon, or is a
function of dose and/or route of administration, remains to be
determined.

Although acute NOS inhibition is followed by peripheral
vasoconstriction, not all vascular beds are equally sensitive
(Gardiner et al., 1990) and neither is the response maintained
for an equally long time with chronic treatment (Gardiner et
al., 1992). Thus the dissociation between cerebrovascular ef-
fects ofL-NAME and those found in the peripheral circulation
after a single dose of L-NAME should perhaps not be sur-
prising. What is of interest however, is the observation that
15 h after the final injection of a chronic L-NAME treatment
protocol, cerebral blood flow is found to be almost completely
restored to control levels whilst the hypertensive response is
not only sustained but also enhanced. It is not immediately
apparent why dilator tone should return to cerebral blood
vessels whilst those responsible for determining total periph-
eral vascular resistance should remain constricted, but differ-
ences in the response to chronic L-NAME between vascular
beds have been reported previously (Bryant et al., 1995).

Whilst the exact mechanisms by which dilator tone is re-
established in the cerebral circulation, or the constriction in-
duced by L-NAME is attenuated, may not be clear, what is
clear is that the level of cerebral perfusion found after acute L-
NAME treatment is considerably lower than would normally
be expected for the given rate of glucose utilization, which
despite the treatment, remains at control levels. It is possible
that the imperative for fuelling the metabolic demands of brain
tissue provides, over time, a sufficiently intense stimulus to
overcome the constrictor effects of NOS inhibition and the
effects upon LCBF may be interpreted as the reestablishment
(by some mechanism as yet unknown) of flow-metabolism
homeostasis to protect against potentially deleterious effects of
sustained oligaemia. Interestingly however, there is no evi-
dence in the brain of the reactive hyperaemia which might be
expected to follow a period of oligaemia, although this could
have occurred at an earlier time. Moreover, whilst in the per-
iphery a further acute L-NAME challenge to previously L-
NAME-treated rats has no further constrictor effect (i.e. no
further increase in MABP), the cerebral circulation remains
responsive, albeit to a somewhat attenuated extent. This would
be compatible with an up-regulation of cerebral NOS pro-
duction, providing additional NO-induced cerebrovascular
dilatation with a return to normal perfusion levels, and addi-
tional targets for further L-NAME challenge, but current evi-
dence points in the opposite direction towards a cumulative,
near complete inhibition of cerebral NOS activity with chronic
treatment.

The resolution of the acute L-NAME-induced cerebral oli-
gaemia during the course of chronic treatment has clear par-
allels in behavioural studies of cognitive processes (Bannerman

et al., 1994). With the same dosing regime as used in this
present study, L-NAME produced impaired performance in a
visual discrimination task, but only on early trials. In later
trials treated rats were indistinguishable from controls, despite
a greater than 90% decrease in NOS activity in response to L-
NAME. It is possible that the early deficits in learning capacity
reflect an oligaemia-induced cerebral dysfunction, but with the
subsequent attenuation of the blood flow effects over the
course of chronic L-NAME treatment, the behavioural deficit
is also resolved. Whether there is indeed a cause and effect
relationship between cerebral oligaemia and learning deficits
remains to be determined, but we do know that in-
appropriately low cerebral blood flow can lead to a confused
state of mind.

The resolution of the acute L-NAME-induced oligaemia in
animals treated chronically is not achieved without potential
cost. The cerebrovascular constriction which results from acute
NOS inhibition extends the autoregulatory range and thus
provides the blood vessels of the brain with protection against
the concomitant hypertension (Kelly et al., 1994; Talman et al.,
1995). However in animals treated chronically, the protective
effects of L-NAME upon the autoregulatory range will be lost
as the hypertensive response is enhanced whilst cere-
brovascular constriction appears to be attenuated and as a
result the risk of hypertension-induced cerebrovascular acci-
dent must be increased. This would certainly explain previous
reports of a complete absence of stroke at early time-points
during chronic enteral treatment and the increased incidence at
later times (Blot et al., 1994). In an attempt to investigate
whether such processes did indeed operate, we have attempted
to lengthen the period of L-NAME treatment to 21 days. We
found however, that the rats either displayed a similar pattern
ofLCBF responses to those found at 10 days (with no evidence
of the hyperaemia which would indicate a breakthrough of
autoregulatory function), died suddenly (usually overnight), or
became progressively unwell and therefore could not be in-
cluded in the study. These experiments were quickly aban-
doned as being ethically unacceptable.

In conclusion, the hypertension induced by chronic treat-
ment with L-NAME is greater than that following a single
acute injection, but appears to reach a point of saturation
where further challenges with L-NAME do not add to the es-
tablished hypertensive response. In contrast, reductions in
cerebral blood flow which are apparent following a single acute
injection of L-NAME appear to be attenuated following re-
peated exposure, in both magnitude and duration, but a re-
sidual capacity to respond to a further acute challenge remains
in evidence. The complexities of NO action which underlie
these responses have yet to be determined but these results,
together with previous observations in the peripheral vascu-
lature (Gardiner et al., 1992), caution against the assumption
of a generalized vasoconstriction to chronic NOS inhibition
based merely upon the observation of a hypertensive response.
Moreover, should NOS dysfunction underlie the vascular pa-
thology of some disease states, it would appear that homeo-
static mechanisms which may exist to protect the brain against
the consequent oligaemia, may also render the brain more
susceptible to hypertension-induced cerebrovascular accident.

This study was funded by the Wellcome Trust. F.M.C. was a
Nuffield Foundation Vacation Scholar.
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