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Nitric oxide (NO), a putative intercellular
messenger
in the
CNS, may be involved in certain forms of synaptic plasticity
and learning.
This article reports a series of experiments
investigating
whether an inhibitor of NO synthase, NW-nitroL-arginine
methyl ester (L-NAME),
affects long-term
potentiation (LTP) in w&o, as the results of recent in vitro experiments would predict. L-NAME, given as an acute injection
at a dose sufficient
to inhibit hippocampal
NO synthase
(>90%),
had no effect on perforant path-dentate
gyrus LTP
induced by a strongly suprathreshold
tetanus, but appeared
to impair LTP induced by a weak near-threshold
tetanus that
may be more physiologically
relevant. However, subsequent
studies revealed that chronic L-NAME treatment (>95%
inhibition of NO synthase)
had no effect upon LTP induction,
and that acute (but not chronic) treatment resulted in a gradual but significant
reduction
in nontetanized
baseline
field
potentials.
The baseline shift appeared
to be of a magnitude
sufficient to account for the apparent
impairment
of weak
tetanus-induced
LTP. This possibility
was further examined
in a two-hemisphere
experiment
in which the time course of
changes in the field EPSP of the nontetanized
pathway served
as the within-subject
control for the tetanized
pathway. No
impairment
of LTP induction
was observed;
indeed, if anything, there was a trend for greater potentiation
with L-NAME.
Because NO has also been implicated
in the control of vasodilation,
the effect of L-NAME on cerebrovascular
function
was also investigated.
Peripheral
blood pressure
was significantly increased
by L-NAME at the same dose that affected the field EPSP. Local cerebral glucose utilization
was
unchanged,
while local cerebral
blood flow decreased
significantly in various brain regions, including
the hippocampus, indicating
an uncoupling
of cerebral
metabolism
and
blood flow. Thus, while NO synthase inhibition
does not appear to limit the induction
of LTP in viva, it does reduce the
size of baseline field EPSPs and affect local cerebrovascular
function.
[Key words: nitric oxide, long-term
potentiation,
hippocampus, rat, cerebrovascular,
flow-metabolism
coupling]
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Associative long-term potentiation (LTP) is widely considered
to be a model ofactivity-dependent synaptic plasticity that could
be involved in certain forms of learning and memory (Blissand
Lomo, 1973; Morris et al., 1990; Blissand Collingridge, 1993).
The induction of LTP requires the activation of postsynaptic
NMDA receptors (Collingridge et al., 1983; Malenka, 1991)
and its expressionshowsa high degreeof topological specificity
to activated synapses(Kelso et al., 1986; Wigstrom et al., 1986;
Bonhoeffer et al., 1989). However, there is evidence suggesting
that the expressionof LTP involves an increasein presynaptic
transmitter release(Dolphin et al., 1982; Bekkers and Stevens,
1990; Malinow and Tsien, 1990). This implies that there may
be an intercellular messengerfrom postsynaptic to presynaptic
neurons.
One candidate intercellular messengeris nitric oxide (NO).
NO hasthe appropriate properties of being freely dilhtsable and
short-lived, aswell asbeing synthesizedby a calcium/calmodulin-dependent enzyme, nitric oxide synthase(Garthwaite et al.,
1988; Bredt and Snyder, 1992). Evidence supporting the putative role of NO as an intercellular messengerhas come from
experimentsdemonstratingthat administration of NO synthase
inhibitors, or of the extracellular NO scavengerhemoglobin,
blocks the induction of hippocampal LTP in vitro (Bohme et
al., 1991; O’Dell et al., 1991; Schuman and Madison, 1991;
Haley et al., 1992). In addition, NO or NO donors (e.g., sodium
nitroprusside) can induce synaptic enhancement, either alone
(O’Dell et al., 1991; Bon et al., 1992) or when combined with
presynaptic activation (Zhuo et al., 1993).
The importance of LTP dependsin part on its efficacy as a
model of learning and memory. There is evidence suggesting
that systemic injection of NO synthase inhibitors affects performance on several different learning tasks (Chapman et al.,
1992; Hiilscher and Rose, 1992; Biihme et al., 1993). However,
it is not known whether inhibitors of NO synthaseadministered
in this way disrupt the establishmentof LTP in vivo. This is of
great importance when consideringthe possibleuseof NO synthaseinhibitors asa novel meansto investigate the relationship
between LTP and learning.
BecauseNO is involved in severaldistinct signalingpathways
in blood vessels(Moncada, 1992), an investigation of the physiological effectsof inhibition of NO synthasein vivo should also
include an examination of its effect upon cerebrovascularfunction. Accordingly, we measuredthe effects of L-NAME upon
blood pressure,local cerebral glucoseutilization (LCGU), and
local cerebral blood flow (LCBF).
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Electrophysiology.
Male hooded Lister rats (250-450 gm; n = 129) were
used as subjects. All rats had ad libitum access to food and water and
were maintained on a 12 hr light/dark cycle. The experiments were
conducted under urethane anesthesia (1.5 g/kg), with the rat mounted
in a stereotaxic frame (Kopl) with the skull horizontal. The animal’s
temperature was monitored by a rectal probe and maintained at 36.2
f 0.2”C using an isothermic heating blanket (Harvard Apparatus). Teflon-coated stainless steel electrodes were lowered into the hippocampal
formation in order to record positive-going field potentials. A bipolar
stimulating electrode was positioned in the angular bundle of the perforant path (AP = - 7.5 mm, LAT = 4.1 mm) and a monopolar recording
electrode (AP = - 3.8 mm, LAT = 2.2 mm) in the hilus of the dentate
gyrus. The field EPSPs were amplified using a polygraph (Grass Instruments).
After the electrodes were implanted and stable potentials recorded,
the animals were given intraperitoneal injections of either drug or saline,
in equivalent volumes or, in the case of D-2-amino-5-phosphonopentanoate (D-APS), an intracerebroventricular
infusion. None of the animals had received any prior drug treatment, with the exception of those
in experiment 4, which had received chronic injections of L-NAME or
saline over a period of 1O-20 d. L-NAME (Sigma) and D-NAME (Bachem) were made up at concentrations of 7.5, 10, and 75.0 mg/ml as
appropriate in 0.9% physiological saline. L-Arginine (Sigma) was made
up at a concentration of 225 mg/ml. D-AP5 (To&s) was made up at a
concentration of 100 mM in equimolar NaOH and diluted with artificial
cerebrospinal fluid (aCSF) to a final concentration of 30 mM.
Perforant path test pulses were generally delivered at low frequency
(0.1 or 0.05 Hz) from a period beginning 20 min prior to drug infusion
through until at least 50 min after the tetanus, although in some experiments test pulses were omitted until shortly before the start of the
baseline period. This stimulation consisted of biphasic pulses at 300700 PA intensity and 100 rsec half-pulse duration. The initial slope of
the field EPSP (measured using linear regression between two fixed time
points) and the population spike were-monitored
on line by either a
MINC 1 l/23 or an Acorn A5000 computer runnina snecialized software. One hour after drug administration, animals received either a
strong tetanus (consisting of four trains of 33 pulses at 250 Hz, with 10
set between trains) or a weak tetanus (consisting of three trains of 25
pulses at 100 Hz, with 10 set between trains) unless otherwise stated.
After either tetanus, low-frequency test pulses resumed and responses
were monitored for at least 50 min.
In some cases, the experimenter was blind to the drug administered
to the animal. There was no difference between the results obtained
when the experimenter knew to which group the animal belonged and
when the experiment was conducted blind.
Measurement
of vascularphysiology.A separate group of rats (n =
24) were used for the measurement of either local cerebral glucose utilization (LCGU) or local cerebral blood flow (LCBF). On the day of the
experiment, the animals were anesthetized with halothane (2%) in a
mixture of nitrous oxide (70%) and oxygen (30%). Cannulas were inserted into both femoral arteries for the subsequent measurement of
arterial blood pressure and the sampling of arterial blood, and into both
femoral veins to allow intravenous fluid replacement and injection of
radiolabeled tracers for the measurement of either LCGU or LCBF.
The incision sites were infiltrated with local anesthetic and the wounds
sutured closed. A loose-fitting plaster cast was molded around the animals’ hindquarters, leaving free access to the abdomen for subsequent
intraperitoneal injections. Thus restrained, the rats were allowed to
recover from anesthesia for at least 2 hr before any further experimental
manipulation. All preparative surgery was performed by fully trained
and experienced personnel and complied with locally approved ethical
codes and United Kingdom Home Office regulations.
Measurement of LCBF (n = 12) and LCGU (n = 12) in hippocampus
and cerebellum was performed using fully quantitative W-iodoantipyrine (Sakurada et al., 1978) and 14C-2-deoxyglucose (Sokoloff et al.,
1977) autoradiographic techniques, respectively. The protocols were in
complete accord with the methodologies as originally described, and
previously reported in detail from this laboratory (Sharkey et al., 199 1b).
The measurement of LCGU was initiated 60 min after the intraperitoneal injection of L-NAME (10 or 75 mg/kg; n = 4 at each dose), and
LCBF was measured after 70 min (n = 4 at each dose). The relative
timing of the two measures was in order to ensure that the blood flow
measurement (taken over 45 set) coincided with the point of median

integrated 2-deoxyglucose specific activity in brain tissue (Sharkey et
al.. 199 1a). Control rats were iniected with ohvsioloaical saline (n = 8)
and equalnumbers were used forthe measurement of?CGU and ‘LCBF:
Arterial blood pressure and rectal temperature were monitored continuously in each animal throughout the study. Samples of arterial blood
were withdrawn before the injection of L-NAME or saline and again
after 70 min for the measurement of pH, pCO,, PO,, and plasma glucose.
At the end of the experimental periods, the rats were killed with an
overdose of barbiturate, and the brains dissected intact. Autoradiograms
were prepared from coronal sections cut in a cryostat, and a quantitative
densitometric analysis of the resultant images performed using a computer-based image analysis system (QUANTIMET
970, Cambridge Instruments).
Nitric oxide synthaseassay.NO synthase activity was assayed by
measuring the conversion of 3H-arginine to 3H-citrulline (as previously
described by Bredt and Snyder, 1990). Male hooded Lister rats (250450 gm; n = 32) were given either a single intraperitoneal injection (n
= 18) of either 0.9% phvsioloaical saline or L-NAME (10 or 75 me/k&.
- -,I
or a series of 11 intraperiton~al injections (n = 14) of either saline or
L-NAME (75 mg/kg). One hour after the (last) injection, the rats were
killed and their brains removed on ice. Tissue samples from the hippocampus, cerebellum, and cortex were dissected out and homogenized
in 10 vol of ice-cold 50 mM Tris HCl, 1 mM EDTA (pH 7.4). The
homogenate was then centrifuged at 10,000 rpm for 1 min and the
suuematant retained on ice. Fifty microliters of the crude supematant
were then incubated for 10 min-in 50 mM HEPES buffer (p-H 7.4), 1
mM NADPH. 1 mM EDTA. 1.25 mM CaCl,. 1 mM dithiothreitol.
10
PM (6R)BH,-2HC1,
10 &ml calmodulin, 1 ;M L-arginine, and 0.2,&i
3H-L-arginine in a total volume of 0.15 ml at 37°C. The reaction was
stopped~ by the addition of 900 pl of stop buffer (10 mM EDTA, 100
mM HEPES: DH 5.5) and the samples stored on ice. The samples were
then loadedonto a I’m1 column of Dowex resin (50X8-200, Na+ form)
that had previously been equilibrated with stop buffer. The 3H-citrulline
was eluted with 2 ml of water and quantified by liquid scintillation using
Ultima Gold scintillant.
L-2,3,4,5JH-Arginine
monohydrochloride
(62 Wmmol)
was obtained from Amersham. (6R)-5,6,7,8-tetrahydro+biopterin
dihydrochloride [(6R)BH,-2HCl]
was obtained from Semat. Ultima Gold
scintillant was obtained from Canberra Packard. All other materials
were obtained from Sigma.

Results
Experiment 1: the effect of L-NAME upon NO synthase
activity
L-NAME treatment resultedin a dose-relatedinhibition ofbrain
NO synthaseactivity. The results(Fig. 1) are expressedin terms
of percentageinhibition relative to control levelsof NO synthase
activity, measuredin tissue samplestaken from the relevant
saline-injected rats (n = 11). A singleintraperitoneal injection
of 10 mg/kg L-NAME (n = 5) resultedin only a partial blockade
of enzyme activity (percentageinhibition in hippocampus,68.2
f 1.7%; cortex, 67.3 + 3.1%; cerebellum, 52.6 f 1.9%). However, a singleinjection of 75 mg/kg L-NAME (n = 6) resulted
in a near-completeinhibition of brain NO synthase(percentage
inhibition of synthase activity in hippocampus, 92.9 f 1.3%;
cortex, 93.0 f 1.6%; cerebellum,.89.0 f 1.1%). Chronic intraperitoneal injections of 75 mg/kg L-NAME (n = 10)resulted in
slightly greater inhibition of NO synthase(hippocampus,96.6
+ 0.1%; cortex, 96.6% f 0.3; cerebellum, 95.1 f 0.6%).
Experiment 2: the effect of L-NAME upon LTP inducedby a
strongly suprathresholdtetanus
The induction of LTP was examined in rats given a single intraperitoneal injection of L-NAME (75 mg/kg) 1 hr prior to the
LTP-inducing tetanus (n = 8). Control animals (n = 8) were
given an equivalent volume of physiological saline. LTP was
induced by a strong tetanic stimulus (consistingof four trains
of 33 pulsesat 250 Hz with 10 set between trains). The mean
absolute slope of the pretetanus baseline field EPSPs did not
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immediately prior to the tetanus. Animals given 750 mg/kg of
L-NAME (n = 8), 10 times the initial dose, alsodemonstrated
normal LTP (117.1 + 5.0%; Fig. 2C). An ANOVA of the LTP
in thesethree groups showedthat they did not differ (F < 1).

Experiment 3: the eflect of L-NAME
just suprathreshold tetanus

upon LTP induced by a

In view of the inability of L-NAME to affect LTP induced by
strongly suprathresholdtetanic stimuli, we altered the tetanic
:z 20
stimulation parametersto a protocol closeto the threshold for
t;
nJ 30
LTP induction. The number of tetanic trains, pulsesper train,
2 40
train frequency, and pulseintensity were all reduced until only
“0 50
a minimal but measurableamount of LTP was observed in
,s 60
control animals. The experimental protocol was also changed
suchthat test pulsefrequency wasreduced to 0.05 Hz and test
2 70
c
pulse intensity to between 300 and 600 PA (the intensity re5 80
quired to elicit a responsethat was 50%of the maximum EPSP
g 90
slope).Accordingly, baselinemeasurementswere taken over a
100
10 min period immediately prior to the tetanusand the amount
Hippocampus
Cortex
Cerebellum
of potentiation measuredbetween 50 and 60 min post-tetanus.
The mean absolute slopeof the baselinefield EPSPsdid not
Figure 1. Experiment 1. L-NAME inhibitsNO synthase
activity. NO
differ betweenthe L-NAME (75 mg/kg; 2.86 +- 0.35 mV/msec;
synthase
activity wasdeterminedby measuring
the conversionof )Harginineto 3H-citrulline.GNAME produceda dose-related
impairment n = 10)and saline(2.75 + 0.34 mV/msec; n = 7; F < 1)groups.
of NO synthaseactivity in the brain. NOS activity in saline-injected L-NAME had no significant effect on the initial potentiation
controlswas,in hippocampus,
2.09 + 0.21; cortex, 1.40+ 0.11; and
seenO-4 min after the tetanus (F < 1) but, if anything, there
cerebellum,
3.11 f 0.25dpm x 105.
was greater potentiation in the L-NAME (121 + 3%) than in
the saline group (116 f 3%; Fig. 3A). The slope of the field
differ acrossgroups (L-NAME, 75 mg/kg = 2.94 * 0.29 mV/
EPSPdeclined in both groupsover the courseof the next hour.
msec;L-NAME, 750 mg/kg = 3.05 f 0.48 mV/msec; saline =
However, this declinewas substantially greaterin the L-NAME
3.46 f 0.62 mV/msec; F < 1). The potentiation elicited by this
group: (1) the mean slopepotentiation 50-60 min post-tetanus
tetanuswasunaffectedby L-NAME (Fig. 2A,B). The meanslope
shown by the saline group (110.5 + 4.7%) was significantly
of the field EPSPevoked by 700 WAtest pulsesdelivered at 0.1
greater than that of the L-NAME group [98.0 + 2.9%; F( 1,15)
Hz and measuredbetween 45 and 50 min after the tetanuswas
= 6.26, p < 0.0251; (2) the saline group showed significant
121.4 -or5.2Ol$for GNAME animals, and 121.7 + 3.6% for
potentiation relative to its pretetanus baseline(t = 2.3 1, df =
controls, relative to a baseline averaged over a 5 min period
6, p < 0.05) while the L-NAME-treated animals did not (t <
,x
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Figure 2. Experiment 2. L-NAME doesnot affectLTP inducedby a stronglysuprathreshold
tetanus.A, Representative
fieldEPSPsrecordedfrom
the granule cell layer of the dentate gyrus following perforant path stimulation before (left) and after (right) tetanic stimulation. B, L-NAME (75
mg/kg) does not inhibit the induction of LTP induced by a strongly suprathreshold tetanus. Tetanus given at arrow. C, A IO-fold increase in the
dose of L-NAME (750 mg/kg) was also ineffective.
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Figure 3. Experiment 3. L-NAME causes an apparent block of LTP inducedby a just suprathreshold
tetanus.A, L-NAME (75mg/kg)produces
an apparent inhibition of LTP inducedby a weak,near-threshold
tetanus.B, L-NAME (75 mg/kg)did not affectthe amountof potentiationseen

5 min post-tetanus,
but therewasa significantdifferencebetween75 mg/kgGNAME andsalinecontrols60 min post-tetanus.
This effectwasdose
related, stereoselective, and reversible with coadministration of 225 mg/kgL-arginine.LTP inducedby the weaktetanuswasblockedby D-APS
(10 ~1, i.c.v., 30 mhi).

1); (3) the L-NAME group showeda significantly greaterdecline
in slope between O-4 min post-tetanus and 50-60 min posttetanus [F(1,15) = 10.30,p < 0.011; and (4) if we define LTP
asa 5% increaseover baseline50-60 min after the tetanus, only
two out of 10 L-NAME-treated animals (20%) showed LTP,
while five of seven saline-treated animals (71%) did so (x2 =
4.50, df = 1, p < 0.05).
These results raise the possibility that L-NAME may limit
the induction of LTP induced by a weak, near-threshold,tetanic
stimulus. This effect appearsto be doserelated, stereospecific,
and reversed by coadministration of L- arginine. A lower dose
of L-NAME (10 mg/kg) resulted in weak potentiation 50-60
min post-tetanus(105.2 + 4.8%; n = 6; Fig. 38); potentiation
comparableto the salinegroup relative to the baselinewasalso
seenin the D-NAME group (108.0 + 5.6%; n = 8) and in rats
coadministeredwith both L-NAME (75 mg/kg) and L-a&nine
(225 mg/kg; 109.8 f. 5.9%; n = 4).
To investigate whether the potentiation induced by the weak
tetanuswasNMDA receptor dependent,a further group of animals (n = 4) was given an acute intraventricular infusion of
D-AP5 (10 pl of 30 mM in aCSF, infused at 0.05 pl/min over
20 min). Both LTP and STP were blocked by AP5 (Fig. 3B).

Experiment 4: the efect of chronic treatment with L-NAME
upon induction of LTP by a just suprathreshold tetanus
In parallel behavioral studiesof learning (seeprecedingarticle,
Bannermanet al., 1994),L-NAME wasinjected on a daily basis.
We were therefore interested to know whether the apparent
blockade of weak tetanus-induced LTP in the presenceof
L-NAME would persist until the end of the behavioral study.
Accordingly, a group of animalsgiven daily injections of either
L-NAME (75 mg/kg; n = 7) or saline (n = 9) for 10 to 20 d
(Bannermanet al., 1994; experiments 2 and 3) were alsotested
for LTP induction by a weak tetanus using the sameprotocol
as that of experiment 3, including a final injection, under anesthetic, 1 hr prior to tetanization. Surprisingly, no impairment
of LTP was observed. The mean absoluteslopeof the baseline
field EPSPswas 2.9 1 +- 0.18 mV/msec (L-NAME) and 3.29 +

0.39 mV/msec (saline;F < l), and the mean potentiation observed 50-60 min post-tetanuswas 111.4 + 5.4% (L-NAME)
and 113.5 f 3.1% (saline;F < 1; Fig. 4).

Experiment 5: the efect of L-NAME upon an extended 2 hr
baseline in the absence of a tetanus
Repeateddifficulties in maintainingstablebaselinesin L-NAMEtreated rats, coupled with the observation that four of the 10
animals in the L-NAME group of experiment 3 showed field
EPSPs that fell at least 5% below baseline 1 hr post-tetanus,
alerted us to the necessityto examine the effects of L-NAME
upon an extended baselinecovering the full period during which
potentiation was being monitored. A further experiment was
therefore conducted in which animalswere surgically prepared,
and then left for a period of at least 1 hr before recording commenced. Following a 20 min baseline,L-NAME (75 mg/kg; n
= 11) or saline (n = 9) was injected as before. In addition, a
further group of rats were given 10 daily injections of L-NAME
(75 mg/kg; n = 6) prior to recording, as well as an L-NAME
injection after the 20 min baseline.Low-frequency test pulses
(0.05 Hz) then continued for a further 120 min but no tetanus
was given.
The mean absoluteslopeof the baselinefield EPSPsprior to
drug injection was 3.23 + 0.34 mV/msec (L-NAME, acute),
4.61 + 0.71 mV/msec (L-NAME chronic), and 3.53 + 0.28
mV/msec [saline;F(2,23) = 2.9 1,p > 0.051.However, following
injection (Fig. 5), the acutely treated L-NAME rats showeda
short-term elevation of the baseline[S-12 min postinjection:
acuteL-NAME= 107.0-+2.4%;saline= 100.2+ 1.6%;F(l,18)
= 5.15, p < 0.051followed by a long gradual decline, while the
saline-treated rats showed a slight but gradual increase. One
hour after drug injection, the mean slopeof the acutely treated
L-NAME rats was 91.3 + 3.6% of baseline,falling to 89.3 +
4.1% after 2 hr. One hour after injection, the mean slopeof the
saline-treatedrats was 105.4 f 1.8%of baseline,rising to 112.1
+ 3.3% after 2 hr. Thesedifferenceswere highly significantboth
1 and 2 hr after injection [2 hr: F(1,18) = 17.9, p < 0.0011.
Thus, acute L-NAME causeda change in field EPSPswith a
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Figure 4. Experiment 4. Chronic treatment (10-20 d) with L-NAME
(75 mg/kg) does not block the induction of LTP induced by a just
suprathreshold tetanus.

well-defined time course, with most of the decline occurring
during the first 60 min after drug injection. Interestingly, the
chronically treated L-NAME group showedneither the shortterm increaseimmediately after the last injection, nor the gradual decline thereafter (seeFig. 5). In fact, the time courseof the
slope changesin this group did not differ from those of the
saline-treatedgroup [50-60 min, F < 1; 11O-l 20 min, F( 1,13)
= 1.18,~ > 0.101.
For purposesof comparison with previous LTP experiments
in this study (e.g., experiments 3 and 4), it is important to
measurethe changein “baseline” during the secondhour starting
60 min postinjection. A further ANOVA was therefore conducted on the acutely treated groupsonly, comparing the mean
slopes50-60 min postinjection
with those 110-120 min postinjection (i.e., equivalent to the analysis used in experiment 3).
This showed that the slope function for the L-NAME-treated
rats declined by 1.7 f 3.5%, while the saline-treated rats increasedby 6.3 f 2.2% [F( 1,18) = 3.46, p = 0.081. While this
changeis not significant in itself, the absolutedifferencebetween
the L-NAME- and saline-treatedrats amountsto 8.0%, sufficient
to account for the apparent blockade of LTP in experiment 3.
By the sametoken, the lack of difference in the baselinebetween
the saline-and the chronically treated L-NAME groups, taken
together with the resultsof experiment 4, is consistentwith this
account.
Experiment 6: the effect of L-NAME upon induction of LTP
by a weak tetanus using a nontetanized hemisphereas a
within-subject control pathway
In the light of the resultsof experiment 5, it is possiblethat the
apparent blockade of weak tetanus LTP (experiment 3) can be
explained by underlying changesin the baselines.However, experiments 3 and 5 were conducted using separateanimals. Accordingly, a two-hemisphereexperiment wasconductedin which
the perforant path of one hemispherereceived a weak tetanus
while the other served asa within-subject control pathway (Bliss
and Lomo, 1973). Animals were prepared in the usual way
excepting that stimulating and recording electrodeswere implanted bilaterally. The animals were left for 1 hr prior to the
start of recording. Potentials were elicited by low-frequency test
pulsesto each hemisphere(0.05 Hz, 500 PA), interlaced such
that the rats received one stimulus every 10 sec.After a 20 min
baseline,they were injected with L-NAME (75 mg/kg; n = 12)

70

80

90

100110

120130140
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Figure 5. Experiment 5. Acute L-NAME

(75 mg/kg) causes changes
in baseline field potentials over an extended 2 hr baseline in the absence
of a tetanus. Chronic L-NAME (75 mg/kg) treatment produced a profile
of effect similar to saline-injected animals. Injection at asterisk.

or saline(n = 12)and, 60 min later, a weak tetanuswasdelivered
to one hemisphereonly. Test pulsescontinued for a further 60
min. During the course of this study, two reports that intracerebroventricular administration of L-NAME reduced LTP of
the dentate population spike were published (Iga et al., 1993;
Mizutani et al., 1993). Changesin the amplitude of the population spikecan occur for severalreasonsother than an alteration
in synaptic efficacy (McNaughton et al., 1978). Nevertheless,
we decided to examine LTP of the population
spike in a subset
of the animalsparticipating in this study.
There were no significant differences in the mean absolute
slopevalues of the preinjection baselinesof the L-NAME- and
saline-treated animals, or between the tetanized and nontetanized hemispheres[L-NAME: tetanized = 4.38 -t 0.51 mV/
msec;nontet = 3.47 f 0.38 mV/msec; saline: tet = 3.80 f 0.35
mV/msec; nontet = 3.47 f 0.54 mV/msec; groups F < 1; teti
nontet F(1,22) = 3.20, p > 0.051. All potentials were initially
normalized with respect to the preinjection baseline (10 min
period immediately prior to injection, i.e., lo-20 min in Fig.
6A). The first result of note is that over 2 hr L-NAME had an
effect upon field EPSPscomparable to that seenin experiment
5. Figure 6A showsthe drug-induced change on what served
throughout as the nontetanized control pathway; L-NAME
causedan immediate increasein slope followed by a gradual
decline, while the saline pathway showed a slow but steady
increase.There was a 16.1% difference between the L-NAME
and salinegroups at the 80 min time point on Figure 6A (i.e.,
60 min after drug injection and the point at which a tetanus was
delivered to the experimental pathway). This difference has to
be taken into account to assess
the amount of LTP in the two
groups-a point shown graphically in Figure 6, B and C, which
plot the resultsfor both hemispheresin the L-NAME and saline
groups, respectively. Thesegraphsappearto show somepotentiation in both groups, but it is difficult to assessthis quantitatively due to the gradually changing baselines.If one looks
solely at the experimental pathway and normalizes with respect
to the 10 min period prior to the tetanus (70-80 min), the
outcome is a result similar to the finding reported in experiment
3: apparently greater potentiation in the salinegroup (Fig. 60).
However, if the nontetanized pathway (also normalized with
respectto the 70-80 min time period) is usedasa within-subject
control at each time point (t) throughout the experiment, [i.e.,
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Figure 6. Experiment6. The effectsof 75mg/kgL-NAME uponinductionof LTP by a weaktetanususinga nontetanizedhemisphere
asa withinsubjectcontrolpathway.A, The effectof L-NAME (75 mg/kg)and salineon the nontetanizedhemisphere
(comparewith experiment5). B, The
effectof L-NAME on the tetanizedand nontetanizedhemispheres.
C, The effect of salineon the tetanizedand nontetanizedhemispheres.
D,

L-NAME (75 mgkg) producesa trendtoward lessLTP inducedby a just suprathreshold
tetanus,whenthe dataareplottedrelative to a withinhemisphere
baselineof 10 min prior to the tetanus(asin experiment3). E, L-NAME appearsto enhancethe amountof potentiation,whenthe
dataareplottedusingthe nontetanizedhemisphere
asa within-subjectcontrol at eachtime point (t) throughouttheexperiment[i.e., final value,
= (experiment&/control,)x lOO%].F, L-NAME (75mg/kg)did not blockpotentiationof the populationspikeinducedby the weaktetanus,when
the dataareplottedrelativeto the 10min within-hemisphere
baselineprior to the tetanus(i.e., asin D).
final value, = (experimentaljcontro1,) x 1OO%],a very different
result obtains. As shown in Figure 6E, it now appearsthat, if
anything, L-NAME is associatedwith slightly greater potentiation than that shown by the saline group. An ANOVA of the
potentiation analyzed in this way at a point 1 hr after the tetanus
(i.e., 130-140 min) revealed that both groupsshowedLTP, but
there was a trend for there being slightly more in the L-NAME
group [L-NAME = 116.8 f 5.0%; saline = 106.5 + 1.9%;
F(1,22) = 3.66, 0.10 > p > 0.051. It should be noted that our
protocol wasdesignedto produce minimal but measurableLTP.

The within-subjects (Fig. 6E) rather than the between-subjects
variability (Fig. 6C,D) provides the appropriate error term with
which to assess
the presenceor absenceof potentiation; relevant
ANOVAs comparing the tetanized and nontetanized pathways
showed that both groups displayed significant LTP [L-NAME:
F(l,ll) = 9.42,~ < 0.01; saline:F(l,ll) = 8.01,~ < 0.0251.
The best extracellular measureof changesin excitatory feedforward synaptic efficacy in the molecular layer of the dentate
gyrus is the early rising slopeof the field potential. This is what
we have reported throughout this article so far. Nonetheless,
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Table 1. The effects of L-NAME

Parameters
Plasma glucose (mg/liter)
PH
PCO, (mm Hg)
~0, (mm I-W

Mean arterial BP

December
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on cerebrovascular function in the awake rat

Saline
Before
1.57
7.38
40.2
87.2
131

?z 0.10
f 0.01
f 1.0
f 2.2
+ 5

After 1 hr

L-NAME
10 mg/kg
Before

1.53
7.38
39.0
88.8
139

1.52
7.35
39.1
91.7
133

?
f
+
+
+

0.10
0.01
1.0
3.3
4

f
*
&
k
-t

0.20
0.06
2.0
3.2
2

After 1 hr

75 mg/kg
Before

After 1 hr

1.42
7.39
41.7
89.8
160

1.55
7.41
42.4
89.4
133

1.31
7.41
38.5
92.6
173

f
+
+
+
-t

0.10
0.04
2.1
2.9
4*t

&
k
f
+
+

0.10
0.02
2.0
3.0
4

+ 0.09
+- 0.02
f 2.9
+ 2.8
+ 8*t

There were no significant differences between groups in the physiological status of the animals prior to injection. One hour after the injection of either 10 or 75 mgkg
L-NAME,
mean arterial blood pressure was significantly
increased above preinjection
levels, and was significantly
higher than saline-injected
controls. No other
physiological variables were significantly altered. Data are presented as mean f SEM for n = 4 in each group, measured immediately
before the intraperitoneal
injection
of either saline of L-NAME,
and again 1 hr later.
* Significantly different from preinjection value (Scheffe test).
‘/’ Significantly different from the appropriate
saline-injected
control value (Scheffe test).

the reports of both Iga et al. (1993) and Mizutani et
al. (1993), we also examined LTP of the population spike in a
subsetof animals participating in this study. To be included,
an animal had to have a population spike of > 1 mV pretetanus.
The results (Fig. 6F) indicate that SO-60 min post-tetanus as
much population spikeLTP wasshownby the L-NAME-treated
rats (166.9 f 16.9%; n = 9) as by the saline group (150.2 f
12.3%; iz = 9). These values did not differ (F < 1).
following

Experiment 7: the effect of L-NAME
function in the awake rat

upon cerebrovascular

The intraperitoneal injection of both dosesof L-NAME resulted
in significantincreasesin meanarterial blood pressure(MAPB),
which was relatively rapid in onset (within 5 min) and was
maintained throughout the experimental period (Table 1). Although the higher dose of L-NAME (75 mg/kg) produced a
slightly greater hypertensive response,there was no significant
difference in MABP betweenthe two treatment groups.Neither
doseof L-NAME significantly altered any of the other physiological variables measured(Table 1).
There were no significant changesin LCGU in any of the
hippocampal fields measuredin this study following either of
the two dosesof L-NAME. Only in the copula pyramis of the
cerebellum was a small but statistically significant decreasein
LCGU observed (- 18%)following both dosesof L-NAME. In
contrast, decreasesin cerebral blood flow were observed in all
hippocampal fields and throughout the cerebellum70 min after
the injection of L-NAME (10 mg/kg), although in two areas,
cerebellar white matter and the caudal CA1 field of the hippocampus,decreases
were not statistically significant. Increasing
the doseof L-NAME to 75 mg/kg had no further effect on LCBF,
and there was no significant difference in responsebetween the
two doses.Thus, at both dosesof L-NAME, and in each of the
19 brain areasanalyzed in this study, the ratio of mean LCBF
to meanLCGU was decreased(Fig. 7). Such decreasesin LCBF
in the absenceof any changesin LCGU indicate an uncoupling
of the fundamental relationship which normally exists between
cerebral blood flow and the metabolic demandsof brain tissue.
Discussion
The main findings of this seriesof experiments were that (1)
intraperitoneal injections of L-NAME causeda dose-relatedinhibition of NO synthasewith both a singleacute and a series
of chronic 75 mg/kg injections resulting in > 90% inhibition in

hippocampus; (2) L-NAME, at this and a IO-fold higher dose,
was without effect upon LTP induced by a strong tetanus and
recorded in the dentate gyrus in vivo; (3) L-NAME causedan
apparent inhibition of LTP in vivo when induced by a weak
tetanus, but subsequentexperimentsusinga within-subject control pathway suggestthat this is primarily a consequenceof an
underlying decreasein the size of the baselinefield EPSP, and
(4) L-NAME causeda reduction in cerebral blood flow but no
changein cerebral glucoseutilization.

Has NO synthase been inhibited?
As the main finding of this report is that an inhibitor of NO
synthase,L-NAME, does not appear to block the induction of
LTP in vivo induced by either weak or strong tetanic stimuli, it
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Figure 7. Experiment 7. L-NAME uncouples cerebral blood flow and
metabolism. The ratio of local cerebral blood flow to local cerebral
glucose metabolism is lower for animals given a single injection of
L-NAME (75 mg/kg) than for saline controls. If the flow-metabolism
relationship was unchanged by L-NAME, all points (each representing
measurements from different subregions of the cerebellum or hippocampus) would fall along the line of identity (illustrated). The shift in
the ratios of LCBF to LCGU is indicative of a flow-metabolism uncoupling.
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is essential to establish that the drug administration regimes we
used were sufficient to inhibit the enzyme. The results of the
NO synthase assay show that a single 75 mg/kg injection of
L-NAME produced a 93% inhibition of the enzyme in hippocampus. The lower dose of 10 mg/kg L-NAME resulted in only
68% inhibition. Dwyer et al. (199 1) suggested that a more effective method of inhibiting NO synthase is to give repeated
injections of a synthase inhibitor over several days. Their results
show that a 50 mg/kg injection of L-NC-nitroarginine (NOArg)
caused a 50% inhibition in cerebellum after a single injection,
but 95% inhibition after 4 d of twice daily injections. This raised
the possibility that an even greater inhibition of NO synthase
is obtained with repeated daily injections of L-NAME. Our
results following chronic injections of L-NAME (75 mg/kg) indicate that slightly greater inhibition of NO synthase was achieved
(96%). However, our assay shows that a single injection is indeed
sufficient to produce a near-complete inhibition of the enzyme
in hippocampus.
However, it must be recognized that L-NAME would have
been active both peripherally and centrally. Evidence that
L-NAME was active in inhibiting NO synthase peripherally
derives from our observation that there was a dramatic increase
in blood pressure sustained throughout the period (>60 min)
for which electrophysiological observations were made. L-NAME
also caused measurable changes in baseline field potentials in
the same animals that failed to show a blockade of LTP (experiment 6) but we are unable to comment on whether this was
primarily a central or peripheral effect.
Is the strength of the tetanic stimuli usedto induce LTP of
importance in detecting a blockadeby L-NAME?
Following the reports that inhibition of NO synthaseblocked
LTP in vitro (Biihme et al., 1991; O’Dell et al., 1991; Schuman
and Madison, 1991; Haley et al., 1992) we were surprisedat
our initial finding (experiment 2) that in vivo LTP induced by
strongtetanic stimuli was unaffectedby high dosesof L-NAME
(75 and 750 mg/kg). This, however, may have been due to the
fact that the tetanususedwasstrongenoughto recruit alternative
cellular mechanismsthat may be sufficient to induce potentiation independent of NO. We therefore wondered whether LTP
would be blocked by L-NAME if and only if a near-threshold
tetanic stimulus was used for its induction, a stimulus that,
arguably, could be more physiologically relevant (Chetkovich
et al., 1993; Haley et al., 1993). NO may, for example, have a
role in setting the threshold for the establishmentof LTP. The
first experiment examining the effects of weak tetanic stimuli
(experiment 3) gave suggestiveresults,but following the finding
that LTP induction was unaffected in rats chronically treated
with L-NAME (experiment 4) and the observation that several
L-NAME-treated rats showed post-LTP field potentials well
below the baseline(experiment 3) an analysis was conducted
of the effectsof L-NAME upon an extended nontetanized baseline (experiment 5). This revealed a gradual decline in the baseline in L-NAME-treated rats that was measurableover l-2 hr
but not detectable over shorter baselineperiods of 10-20 min
beginningabout an hour after the drug injection. However, taken
together with the gradually increasingbaselineshown by controls, the changein the dentate field potentials of the two groups
over l-2 hr seemedto be sufficient to account for the apparent
inhibition of LTP induced by a weak tetanus in experiment 3.
Moreover, the critical further experiment, in which recordings
were madefrom both a tetanized and nontetanized hemisphere

within the sameanimal, provided strong evidence for this possibility. Our findings, therefore, offer no support for the intuition
that inhibition ofN0 synthasemay be more effective in blocking
LTP in dentate gyms in vivo with weak tetanic stimuli.
Why doesacute L-NAME induce changesin baselinefield
potentials?
An acute injection of L-NAME resulted in a prolonged, gradual
decreasein the size of the field EPSPwhich was precededby a
small transient rise. Thesechangeswere surprisingbecauseexperiments conducted in hippocampal slicesdemonstrateno significant effect of NO synthaseinhibitors on baselinesynaptic
responses(Haley et al., 1993). This suggeststhat the decline in
evoked potentials seenreliably in the dentate gyrus following
L-NAME injection in vivo is either (1) a property of networks
of neuronstoo largeto be preservedin slices,for example, those
providing cholinergic or catecholaminergicafferentsto the hippocampusthat may be regulatedby the releaseof NO (Hanbauer
et al., 1992; Lonart et al., 1992; Wood et al., 1992) or (2) a
direct or indirect effect of changesin cerebral blood flow.
In contrast to the decreasein the size of field EPSPs that
follows injection of L-NAME, animals that received injections
of salineshowed a small increase.One possibleexplanation to
account for this phenomenon, which has been observed previously (Bliss and Lomo, 1973) is that the level of anesthetic
(urethane)may decreaseslightly over time, resulting in a gradual
increasein the level of synaptic transmission.Alternatively, the
rising baselinemay be explained by the gradualrecovery of brain
tissuedisturbed during electrodeimplantation. The gradual rise
in the size of the field EPSPis unlikely to be due to an increase
in brain temperature as(1) core temperature was maintained at
36.2 -+ 0.2”C throughout recording, and (2) no corresponding
decreasein the size of the population spike was observed (data
not shown; Moser et al., 1993).
What are the implications of L-NAME uncoupling cerebral
bloodflow and glucosemetabolism?
The results of this study confirm previous observations that
inhibition ofN0 synthasein vivo resultsin reductionsin cerebral
blood flow which are not confined to specific anatomical or
functional systems(Tanaka et al., 1991). However, it is unclear
from previous studies whether decreasesin the perfusion of
brain tissue are the result of a direct vascular effect or are a
secondary consequenceof decreasesin underlying metabolic
demand (Des Rosiers et al., 1974). We have shown that the
ratio of blood flow to glucoseuseis decreasedfollowing L-NAME
in every region of the hippocampusand cerebellum examined.
This suggestsa direct vascular effect of NO synthaseinhibition
in eliciting a vasoconstriction-induced decreasein blood flow
in the absenceof any significant changein metabolic demand.
Goadsby et al. (1992) have also reported that NO couplescerebral blood flow and metabolism.
This uncoupling may contribute to the L-NAME-induced
decreasein the baseline,although it is not clear what the consequencesof the relative oligemia that develops following
L-NAME treatment may be for the maintenance of normal
hippocampal function. While the level of blood flow in hippocampus(and cerebellum) remains considerably higher than
that which would be expected to produce hypoxic dysfunction
or ischemicdamage(Siesjo, 1978) and at normal levels of perfusion there is considerable excessin the delivery of energy
substrates,the resulting oligaemia may be sufficient to alter
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normal synaptic transmission
EPSP).

(e.g., size of the baseline field

Why does L-NAME have little effect in chronically treated
animals?
Treatment with L-NAME over the course of several days should
afford ample opportunity for synaptic transmission to stabilize
at a new lower baseline. Further injection of L-NAME would
not be expected to produce additional decrements in the slope
of the field potentials-as
we found (experiment 5). Thus, if the
apparent blockade of weak tetanus LTP seen in experiment 3
were really an artifact of a gradually changing baseline, one
would not expect such LTP to be impaired in chronically treated
animals. This result is exactly what was obtained (experiment
4). An alternative possible explanation for the failure to block
LTP following chronic administration of L-NAME in terms of
developing tolerance seems unlikely in the light of our own and
Dwyer et al.‘s (199 1) data, showing that the level of NO synthase
inhibition increases with repeated injections.
Why does L-NAME fail to block dentate LTP in vivo?
Our findings, together with those of Barnes et al. (1994), indicate
that inhibition of NO synthase fails to block dentate LTP in
vivo. There are at least three possible explanations for the absence of a blockade of LTP with systemic administration of an
NO synthase inhibitor. First, residual NO synthase activity (47% in our case) may be sufficient to support normal LTP. While
there are as yet no pharmacological means to ensure complete
blockade of NO synthase activity, gene knockout experiments
of brain NO synthase may provide such an opportunity (Huang
et al., 1993). Second, NO may play a threshold modulatory role
in LTP induction such that other messengers (e.g., CO, Stevens
and Wang, 1993; arachadonic acid, Williams et al., 1989) could
contribute to the induction of potentiation under these experimental conditions. Third, NO may have no role in the induction of LTP in vivo.
With respect to the last alternative, although several laboratories have reported that NO synthase inhibition blocks the
induction of LTP, others have suggested that this effect is dependent upon experimental conditions (e.g., temperature, age
of the animal, tetanus parameters; Gribkoff and Lum-Ragan,
1992; Chetkovich et al., 1993; Haley et al., 1993; Williams et
al., 1993). It is not, therefore, altogether unprecedented that the
further procedural differences of this study (e.g., in vivo vs in
vitro, systemic administration vs bath application) have resulted
in no block of LTP. A separate consideration is the use of the
perforant path-dentate gyrus synapse rather than the Schaffer
collateral-CA1 synapse used more frequently in hippocampal
slices. We chose to study synapses in the dentate gyrus because
they exhibit a relatively high density of NO synthase (Bredt et
al., 1990, 1991) and because this is a frequently used and reliable method of studying hippocampal LTP in vivo. In addition,
there are no a priori grounds to believe that LTP in perforant
path-dentate gyrus synapses is fundamentally different from
that of Schaffer collateral-CA 1 synapses (e.g., NMDA receptor
dependency). Even so, we cannot rule out the possibility that
our results may not apply to other hippocampal subfields, and
a study of CA1 LTP in vivo would be worthwhile.
Recent studies by Mizutani et al. (1993) and Iga et al. (1993)
report that infusion of L-NAME into the lateral ventricle blocks
the induction of LTP of the population spike in the dentate
gyrus in vivo. Our data (experiment 6) does not show any block-

of Neuroscience,

December

1994,

14(12)

7423

ade of LTP either in terms of the slope of the field EPSP or of
the population spike. There are at least two differences in procedure that may account for these anomolous results. First, the
strain and age of the animals may be relevant. Second, the
intracerebroventricular
route of administration of the drug may
result in higher levels of enzyme inhibition in the hippocampus
than the >95% inhibition we achieved. In addition, it should
be noted that Mizutani et al. (1993) report significantly smaller
initial potentiation in animals treated with NO synthase inhibitors, which is in contrast to most other studies measuring EPSPs
both in vitro and in vivo, and raises the possibility that intracerebroventricular administration may have additional physiological effects. Further investigations are underway in our laboratory.
Can L-NAME induce apparently greater LTP?
One intriguing observation of experiment 6 was that the level
of long-lasting synaptic potentiation in L-NAME-treated
animals appeared to be greater than in control animals when expressed as a ratio of tetanized to nontetanized hemispheres.
Although this effect was not significant (p = 0.07) there is a
clear trend suggesting an L-NAME-induced
enhancement of
LTP. Because NO can block NMDA receptors (Izumi et al.,
1992; Lei et al., 1992; Manzoni et al., 1992), inhibition of NO
synthase may result in more NMDA receptor activation during
the tetanus and thus elicit greater or more long-lasting potentiation. The magnitude of such an effect may vary as a function
of the extent of NMDA receptor activation and thus be determined by the size of the tetanus. Interestingly, we did not observe any trend toward greater LTP in experiment 1, in which
a strong tetanus was used. However, the results of experiment
1 are plotted without taking into account any differential changes
in the baseline that might have occurred in saline and L-NAMEtreated rats (for which we have no data because all animals were
tetanized). If changes similar to those measured in experiment
5 occurred in experiment 1, the LTP shown by the L-NAME
group is likely to have been greater than that of the saline group.
We do not, however, seek to overemphasize this enhanced LTP
phenomenon: the effect did not reach statistical significance and
is calculated in the presence of gradually changing baselines in
both the L-NAME and saline groups. Further study seems warranted.
What are the implications for behavioral studies?
There are several reports in the literature indicating that NO
synthase inhibitors impair performance in a variety of learning
paradigms including tasks thought to require the integrity of the
hippocampus (Chapman et al., 1992; Holscher and Rose, 1992;
BGhme et al., 1993). Although it is by no means certain if, and
to what extent, the mechanisms of LTP may also be involved
in learning, the lack of an effect of L-NAME on the induction
of hippocampal LTP in vivo would appear to call into question
whether NO synthase inhibition is producing a learning impairment through an effect on LTP. This does not, however,
preclude the possibility that NO synthase inhibition is interfering with some other aspect of hippocampal physiology (Hanbauer et al., 1992; Lonart et al., 1992; Wood et al., 1992) which
may result in a spatial learning impairment, or changes in brain
function elsewhere which may account for apparent impairments of other types of learning. It is unclear to what extent the
L-NAME-induced
reduction in the size of dentate field EPSPs
would affect the normal function of the hippocampus or other
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brain areas. A detailed investigation
into the effects of NO synthase inhibitors
on various forms of learning in the watertnaze
is reported in the preceding article (Bannerman
et al., 1994).
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