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Abstract

Perfusion of hippocampal slices with an
inhibitor of nitric oxide (NO)
synthase-blocked induction of long-term
potentiation (LTP) produced by a one-train
tetanus and significantly reduced LTP by a
two-train tetanus, but only slightly reduced
LTP by a four-train tetanus. Inhibitors of
heme oxygenase, the synthetic enzyme for
carbon monoxide (CO), significantly
reduced LTP by either a two-train or
four-train tetanus. These results suggest that
NO and CO are both involved in LTP but
may play somewhat different roles. One
possibility is that NO serves a phasic,
signaling role, whereas CO provides tonic,
background stimulation. Another possibility
is that NO and CO are phasically activated
under somewhat different circumstances,
perhaps involving different receptors and
second messengers. Because NO is known to
be activated by stimulation of NMDA
receptors during tetanus, we investigated
the possibility that CO might be activated by
stimulation of metabotropic glutamate
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receptors (mGluRs). Consistent with this
idea, long-lasting potentiation by the mGluR
agonist tACPD was blocked by inhibitors of
heme oxygenase but not NO synthase.
Potentiation by tACPD was also blocked by
inhibitors of soluble guanylyl cyclase (a
target of both NO and CO) or
cGMP-dependent protein kinase, and
guanylyl cyclase was activated by tACPD in
hippocampal slices. However, biochemical
assays indicate that whereas heme
oxygenase is constitutively active in
hippocampus, it does not appear to be
stimulated by either tetanus or tACPD. These
results are most consistent with the
possibility that constitutive (tonic) rather
than stimulated (phasic) heme oxygenase
activity is necessary for potentiation by
tetanus or tACPD, and suggest that mGluR
activation stimulates guanylyl cyclase
phasically through some other pathway.

Introduction

Long-term potentiation (LTP) is a sustained in-
crease in synaptic efficacy that is thought to be one
of the candidate mechanisms for memory storage
in the hippocampus (for reviews, see Bliss and Col-
lingridge 1993; Hawkins et al. 1993). In the CAl
region of hippocampus, the induction of LTP gen-
erally requires Ca** influx through postsynaptic N-
methyl-pD-aspartate  (NMDA) glutamate receptor
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channels, but the maintenance of LTP is thought to
involve, in part, a presynaptic enhancement of
transmitter release. These results suggest that the
postsynaptic cells must send one or more retro-
grade messengers to the presynaptic terminals.
There is now evidence that several molecules may
act as such retrograde messengers during LTP in
hippocampus, including the soluble gases nitric
oxide (NO) (Bohme et al. 1991; O’Dell et al. 1991,
Schuman and Madison 1991; Haley et al. 1992;
Zhou et al. 1993; Arancio et al. 1996) and carbon
monoxide (CO) (Stevens and Wang 1993; Zhuo et
al. 1993), as well as arachidonic acid (Williams et
al. 1989), platelet-activating factor (Del Cero et al.
1990; Clark et al. 1992; Wieraszko et al. 1993), and
several neurotrophins (Kang and Schuman 1995;
Thoenen 1995; Korte et al. 1996). However, a
number of questions remain concerning the pos-
sible roles of NO and CO. First, although several
studies have found that inhibitors, targeted muta-
tion, or adenovirus-mediated inhibition of NO syn-
thase block the induction of LTP in CAl and den-
tate gyrus (BOhme et al. 1991; O’Dell et al. 1991;
Schuman and Madison 1991; Haley et al. 1992; Mi-
zutani et al. 1993; Boulton et al. 1995; Doyle et al.
1996; Son et al. 1996; Kantor et al. 1996; Wu et al.
1997), other studies have found that inhibitors of
NO synthase either do not block LTP (Kato and
Zorumski 1993; Bannerman et al. 1994; Cummings
et al. 1994) or block LTP only under some experi-
mental circumstances and not others (Gribkoff and
Lum-Ragan 1992; Chetkovich et al. 1993; Haley et
al. 1993, 1996; Williams et al. 1993; O’Dell et al.
1994; Malen and Chapman 1997). Second, inhibi-
tors of heme oxygenase (the synthetic enzyme for
CO) can also block the induction of LTP in the CA1
region of hippocampus and dentate gyrus (Stevens
and Wang 1993; Zhuo et al. 1993; Ikegaya et al.
1994), but there are concerns about the specificity
of those inhibitors (Ignarro et al. 1984; Linden et al.
1993; Luo and Vincent 1994; Meffert et al. 1994;
Okada 1996). Third, if, as the inhibitor studies sug-
gest, NO and CO are both involved in LTP, it is not
clear what their respective roles might be. One
possibility is that NO and CO are activated under
somewhat different circumstances. This possibility
would be consistent with the finding that inhibi-
tors of NO synthase do not block LTP under all
circumstances, suggesting that the residual poten-
tiation might be mediated by another messenger.
Alternatively, CO may provide a tonic level of
stimulation, whereas NO provides phasic stimula-
tion during the induction of LTP. This possibility
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would be consistent with the fact that NO has a
very short half-life, whereas CO is more stable.

In the present study, we have addressed these
questions to try to clarify the possible roles of NO
and CO in LTP.

Materials and Methods
ELECTROPHYSIOLOGY

Male 4- to 6-week-old Sprague-Dawley rats
were housed and sacrificed in accordance with the
guidelines of the Health Sciences Division of Co-
lumbia University. Transverse slices of hippocam-
pus (400 um) were rapidly prepared and main-
tained between 28 and 30°C in an interface cham-
ber (Fine Science Tools, Foster City, CA), in which
they were subfused with artificial cerebrospinal
fluid (ACSF) consisting of: 124 mm NaCl, 4.0 mm
KCl, 2.0 mm CaCl,, 2.0 mm MgSO, 1.0 mm
Na,HPO,, 24.1 mM NaHCO;, 10 mm glucose,
bubbled with 95% O, and 5% CO,. Slices were
allowed to recover for at least 1.5 hr before experi-
ments were performed. A bipolar tungsten stimu-
lating electrode was placed in the stratum radiatum
of the CA1 region or in the stratum pyramidale of
the CA3 region. In some experiments, a second
independent stimulating electrode was placed in
the stratum radiatum of the CA1l region on the
other side of the recording microelectrode. Before
the start of the experiments, paired-pulse facilita-
tion (50 ms interval) was tested to verify the inde-
pendence of the two pathways. Extracellular field
potentials were recorded with a glass microelec-
trode (3-12 m() filled with ACSF) placed in the
stratum radiatum. The stimulation intensity was ad-
justed to give field EPSP amplitudes of 1.0-1.5 mV
(which is [25% of maximum) so that the weak
tetanus by itself would not produce LTP. The two
pathways were stimulated alternately at 0.02 Hz
and the initial slope of the EPSP was measured. If
the recording was stable for at least 30 min, poten-
tiation was produced in one pathway by use of one
of four tetanic stimulation protocols; (1) one train
of 100 Hz, 1 sec stimulation; (2) two trains of 100
Hz, 1 sec stimulation separated by 20 sec; (3) four
trains of 100 Hz, 1 sec stimulation separated by 5
min; or (4) one train of 50 Hz, 0.5 sec stimulation
(weak tetanus) during brief (2 min) perfusion with
CO, tACPD, or 8-Br-cGMP. Current intensity during
the tetanic stimulation was always the same as test
intensity. Potentiation was measured in each ex-
periment as the average EPSP slope 50-60 min
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post-tetanus as a percentage of the average base-
line for 30 min pre-tetanus.

DRUG PREPARATION

N“-nitro-arginine, AP3, and 8-Br-cGMP (Sigma,
St. Louis, MO), tACPD (RBI, Natick, MA), and Rp-
8-Br-cGMPS (Biolog, La Jolla, CA) were dissolved in
ACSF immediately before each experiment. Zinc
protoporphyrin IX, tin protoporphyrin IX, copper
protoporphyrin, and zinc deuteroporphyrin IX-3,4-
bis-glycol (Porphyrin Products, Logan, UT) and
LY83583 (Biomol, Plymouth Meeting, PA) were
dissolved in dimethyl sulfoxide (DMSO) immedi-
ately before each experiment and diluted to the
desired concentration in ACSF by sonication (final
concentration of DMSO was <0.05%). (+)-MCPG
(Tocris Neuramin, Bristol, UK) was dissolved with
the 1.1 equivalent of sodium hydroxide solution to
give 100 mm stock solution and then diluted to the
desired concentration in ACSF. Hemoglobin was
prepared from methemoglobin as described by
Martin et al. (1985). CO solution was prepared by
bubbling the gas in distilled water until saturation
and immediately diluted to the desired concentra-
tion in ACSF. Slices were perfused with the various
inhibitors throughout the experiment, starting at
least 30 min before the beginning of the baseline
period. CO, tACPD, or 8-Br-cGMP were injected
directly into the recording chamber for 2 min be-
fore the weak tetanic stimulation and then washed
out over a period of 5-10 min.

cGMP ASSAY

Hippocampal slices were prepared as in the
LTP experiments and rested at 30°C for 2 hr with
continuous ACSF perfusion. The slices were pre-
treated with 200 pm IBMX for 20 min followed by
100 um tACPD, 10 um NMDA, and 300 um SNP or
ACSF for [2 min. The slices were then removed
from the perfusion chamber and frozen within 10
sec. After the CA3 region was removed, the slices
were homogenized in 6% trichloroacetic acid. Pro-
tein was precipitated by spinning at 2000g for 20
min, and then the supernatant was extracted four
times with water-saturated ether and dried under
vacuum. The amount of cGMP in each sample was
measured by radioimmunoassay (NEN) following
the manufacturer’s instructions. The precipitated
protein was dissolved in 100 mm NaOH and 0.3%
SDS and quantified with the BCA protein assay kit
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(Pierce). The cGMP level in each slice was normal-
ized to protein. There were three slices per condi-
tion in each experiment, and the average cGMP
level for the experimental slices was expressed as
a percentage of the average level for the control
slices in that experiment. All of the slices in one
experiment came from the same animal.

HEME OXYGENASE ACTIVITY ASSAY

Following in vitro treatment, hippocampal
slices were frozen rapidly in dry ice. Tissue
samples from the CA1 region of the hippocampus
were collected after removing the CA3 region and
dentate gyrus. To obtain enough material to assay,
three slices were pooled together. Tissue samples
were shipped to Finland on dry ice for heme oxy-
genase activity measurements, which were per-
formed blind to the experimental treatment. En-
zyme activity was determined by use of a novel
sensitive microassay that relies on the conversion
of [14C]heme to [14C]bilirubin by the concerted
activity of heme oxygenase, NADPH-cytochrome
P-450 reductase and biliverdin reductase, as de-
scribed previously (Laitinen and Juvonen 1995).
Briefly, slices (3-4 per assay) were sonicated at 0°C
in 50 ul of 0.1 M K-phosphate buffer (pH 7.5) con-
taining 50 uM phenylmethyl sulfonyl fluoride. The
homogenate was centrifugated at 14,000g for 1
min in an Eppendorf minifuge. Duplicate aliquots
of the supernatant (5 ul/7-26 ug protein) were
incubated in 0.1 M K-phosphate buffer at pH 7.5
(total volume 10 ul) containing [14C]heme (sp. act.
52.5 Ci/mole) and NADPH (2 mm). The final sub-
strate concentration was 21.4 um in all but one
experiment in which 4.4 um substrate concentra-
tion was used to test for possible liberation of en-
dogenous competing substrates during strong te-
tanic stimulation. Reagent blanks contained buffer
instead of NADPH. Following 15 min incubation at
37°C, the tubes were cooled to 0°C and 190 ul of
ice-cold K-phosphate buffer was added. [**C]bili-
rubin was extracted into toluene and counted in a
Wallac LKB 1214 Rackbeta with 95.5% counting
efficiency. Heme oxygenase activity (reagent
blanks subtracted) is expressed as picomoles of
["“C]bilirubin formed/mg protein per hour and
was corrected for the extraction efficiency
(15.4 = 0.4%, n = 14). The following criteria have
been applied to validate this method for the mea-
surement of heme oxygenase activity in the rat
brain (Laitinen and Juvonen 1995). First, incuba-
tion of rat brain homogenate with [*“C]heme
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yielded a single reaction product, indistinguishable
from bilirubin by thin layer chromatography. Sec-
ond, the reaction was totally dependent on the
presence of NADPH, was not catalyzed by boiled
tissue, and was inhibited by ZnPP at doses known
to inhibit purified rat heme oxygenase (IC5, = 0.3
um). Third, the reaction required the presence of
NADPH-cytochrome P-450, as evidenced by the
ability of an antibody against the reductase to in-
hibit the reaction in a dose-dependent fashion.

DATA ANALYSIS AND STATISTICS

All data are presented as the mean + s.e.M. The
field EPSPs are presented as percentage of baseline.
Statistical comparisons were made by by use of
Student’s #-tests for comparison of groups or paired
data. In all cases, P < 0.05 was considered signifi-
cant.

Results

EFFECTS OF AN INHIBITOR OF NO SYNTHASE ON
LRP INDUCED BY DIFFERENT NUMBERS OF TETANI

NO synthase inhibitors have blocked the in-
duction of LTP in some studies, but have failed to
block LTP in other studies. These discrepancies
might be partially explained by different experi-
mental conditions, including the strength of the
tetanic stimulation (Gribkoff and Lum-Ragan, 1992;
Chetkovich et al. 1993; Haley et al. 1993; O’Dell et
al. 1994; Malen and Chapman 1997). To investigate
this possibility further, we systematically examined
the effects of inhibiting NO synthase on LTP in-
duced by different numbers of tetanic stimuli. We
found that pretreatment with the NO synthase in-
hibitor N®-nitro-arginine (100 um) for at least 30
min completely abolished LTP produced by a one-
train tetanus (Fig. 1A). N“-nitro-arginine also sig-
nificantly reduced LTP produced by a two-train
tetanus (130.8 £ 23.9%, n =10 compared with
199.4 = 18.6%, n =10 in normal saline, ¢t = 2.27,
P < 0.05) and completely blocked it in 6 of 10 ex-
periments. But this inhibitor produced only a slight
reduction of LTP that was not significant when a
four-train tetanus was used (Fig. 1B). These results
suggest that NO makes a substantial contribution
to the induction of LTP produced with low or mod-
erate tetanic stimulation, but that other messen-
gers may contribute more to LTP induced by stron-
ger tetanic stimulation.
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Figure 1: Effects of an inhibitor of nitric oxide synthase

on LTP induced by a one- or four-train tetanus. (A) N-
nitro-arginine (100 pm), a nitric oxide synthase inhibitor,
blocked LTP induced by a one-train tetanus (100 Hz,
1 sec) (normal ACSF, average EPSP slope 50-60
min post-tetanus=162.7 = 22.7% of the average base-
line for 30 min pre-tetanus, n=8; N®-nitro-arginine,
94.1 £11.4%, n=6, t=2.42, P < 0.05 compared with
ACSF-treated slices). (Inset) Representative recordings of
the field EPSP before and 60 min after a one-train tetanus
in a slice pretreated with N“-nitro-arginine. (B) N®9-
nitro-arginine (100 pm) only slightly reduced Itp induced
by a four-train tetanus (four 1-sec 100-hz trains deliv-
ered at an interval of 5 min; 181.0 + 20.3%, n=7) as
compared with acsf-treated slices (210.5 + 12.9%,
n=9, not significantly different). (inset) representative
recordings of the field epsp before and 60 min after a
four-train tetanus in a slice pretreated with n“-nitro-ar-
ginine. the average prevalues were 0.45 mv/msec (acsf),
0.40 (n*-nitro-arginine) (a) and 0.41 (acsf) 0.36 (n®-ni-
tro-arginine) (b). (Cacsf; (M) nitroarg.

TESTS OF INHIBITORS OF HEME OXYGENASE

Another candidate retrograde messenger is
CO. Inhibitors of heme oxygenase (the synthetic
enzyme for CO) block the induction of LTP, and
CO paired with weak tetanic or low-frequency
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stimulation produces long-lasting potentiation hibitors Tin protoporphyrin IX (SnPP, 10 um) or
(Stevens and Wang 1993; Zhuo et al. 1993). How- zinc-deuteroporphyrin IX-2,4-bis-glycol (ZnBG, 10
ever, heme oxygenase inhibitors may also act by um) (Fig. 2A). In contrast, an inactive analog, cop-
inhibiting other enzymes, including NO synthase per protoporphyrin (CuPP, 10 um), did not signifi-
(Meffert et al. 1994; Okada 1996). To examine cantly affect LTP. LTP produced by a four-train teta-
whether inhibition of NO synthase, rather than nus was also significantly reduced by ZnBG (10 um,
heme oxygenase, might account for the block of Fig. 2B) or zinc protoporphyrin (ZnPP, 10 pm,
LTP, we compared the effectiveness of inhibitors 152.1 £ 17.5%, n = 6; t = 2.74, P < 0.05 compared
of heme oxygenase and NO synthase on LTP in- with normal LTP induced by a four-train tetanus).
duced by different numbers of tetanic stimuli. Heme oxygenase inhibitors did not completely

LTP induced by two trains of tetanus was sig- block the potentiation induced by a four-train teta-
nificantly attenuated by the heme oxygenase in- nus, however. To test whether the remaining po-
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Figure 2: Effects of inhibitors of heme oxygenase on Itp induced by a two- or four-train tetanus. (a) average potentiation
of the field epsp by a two-train tetanus (100 hz for 1 sec each, separated by 20 sec) in normal acsf and in acsf containing
10 pm Tin protoporphyrin 1X (SnPP), Zinc-deuteroporphyrin 1X-2,4-bis-glycol (ZnBG), or Copper protoporphyrin (CuPP).
Perfusion with SnPP, ZnBG, or CuPP started at least 30 min before the tetanus (normal LTP, 199.4 + 18.6%, n=10; 10
pM SnPP, 129.1 £ 3.8%, n=7, t=2.79, P < 0.05 compared with normal LTP; 10 um ZnBG, 126.8 + 8.3%, n =6, t= 2.88,
P < 0.05 compared with normal LTP; 10 um CuPP, 188.1 + 14.3%, n = 5). Results with SnPP and ZnBG were similar and
have been pooled. (O0) ACSF; (A) CuPP; (M) 5nPP/ZmBG. (B) Average potentiation by a four-train tetanus in ACSF
(210.5 £12.9%, n=9) and in ACSF containing ZnBG (10 pm, 145.5 £ 14.2%, n=6, t=3.18, P < 0.01 compared with
saline-treated slices). () ACSF; (M) ZmBG. (C) Average potentiation by a four-train tetanus in ACSF containing both ZnBG
(10 pm) and N“-nitro-arginine (100 pm) (143.1 £ 12.6%, n=5). (A) ZmBG + NitroARG. (D) ZnPP-IX (10 pm) or ZnBG (10
pm) did not block long-term enhancement produced by CO (100 nm) paired with weak tetanic stimulation (ZnPP-IX,
160.8 £ 19.9%, n=5; ZnBG, 236.0 £ 22.7%, n=5). () ZmBG/XmPP. Results with the two inhibitors were similar and
have been pooled. The average prevalues were 0.37 mV/msec (normal LTP) (A), 0.38 (SnPP), 0.40 (ZnBG) and 0.39 (CuPP)
(B); 0.45 (ACSF), 0.46 (ZnBG); 0.34 (C); and 0.29 (D).
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tentiation is mediated by NO, we pretreated slices
with both N “-nitro-arginine (100 um) and ZnBG (10
um). The added NO synthase inhibitor did not pro-
duce further reduction as compared with ZnBG
alone (Fig. 2C). Thus, LTP induced by four trains of
stimulation was only slightly reduced by an inhibi-
tor of NO synthase, but was significantly reduced
by inhibitors of heme oxygenase at a 10-fold lower
dosage. Moreover, the combination of an NO syn-
thase inhibitor and a heme oxygenase inhibitor had
effects similar to the heme oxygenase inhibitor
alone but not the NO synthase inhibitor alone.
These results suggest that heme oxygenase inhibi-
tors did not act by inhibiting NO synthase in these
studies.

Another potential concern is that inhibitors of
heme oxygenase might also act by inhibiting
soluble guanylyl cyclase (Ignarro et al. 1984; Luo
and Vincent 1994), which could block the induc-
tion of LTP (Zhuo et al. 1994; Boulton et al. 1995;
Son et al. 1998). To test this possibility, we exam-
ined enhancement by CO, which stimulates
soluble guanylyl cyclase (J.T. Laitinen, K.S.M.
Laitinen, L. Tuomiste, and M.M. Airaksinenm, un-
publ; Maines 1993; Verma et al. 1993). If the heme
oxygenase inhibitors act by directly inhibiting gua-
nylyl cyclase, they should block the potentiation
produced by CO. In the presence of 10 um ZnPP or
ZnBG, CO (100 nm) paired with weak stimulation
still produced long-lasting potentiation (Fig. 2D).
These observations suggest that ZnPP or ZnBG at a
dose of 10 pum did not inhibit soluble guanylyl cy-
clase in these experiments, but rather acted by in-
hibiting heme oxygenase. These findings are con-
sistent with recent studies showing that inhibitors
of heme oxygenase at this dose have little effect on
NO synthase or soluble guanylyl cyclase in endo-
thelial or intestinal tissue (Zakhary et al. 1996,
1997).

EFFECTS OF HEME OXYGENASE INHIBITORS
ON tACPD-INDUCED ENHANCEMENT

The results of the inhibitor experiments sug-
gest that NO and CO may both be involved in LTP,
which raises the question of what their respective
roles might be. One possibility suggested by these
results is that NO synthase and heme oxygenase
are activated by different stimulation patterns that
might engage different receptors and second mes-
sengers. In the hippocampus, NO synthase is acti-
vated by stimulation of NMDA glutamate receptors
during tetanic stimulation (East and Garthwaite
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1991; Chetkovich et al. 1993). Heme oxygenase is
present in hippocampal pyramidal cells (Maines
1993; Verma et al. 1993), but it is not known
whether heme oxygenase can be acutely activated
during tetanic stimulation. Heme oxygenase ap-
pears to be activated by stimulation of metabo-
tropic glutamate receptors (mGluRs) in other brain
regions (Glaum and Miller 1993; Nathanson et al.
1995), and the mGIluR agonist tACPD has been re-
ported to produce long-lasting potentiation in the
hippocampus (Otani and Ben-Ari 1991; Radpour
and Thomson 1992; Bortolotto et al. 1994), sug-
gesting the possibility that NO and CO could be
activated in parallel by stimulation of NMDA and
mGluRs, respectively. We tested that possibility by
examining the effect of inhibitors of heme oxygen-
ase on potentiation by tACPD.

Consistent with previous reports, we found
that, when paired with weak tetanic stimulation of
the presynaptic fibers (50 Hz, 0.5 sec), a short bath
application of tACPD (20 um, 2 min) produced a
rapid enhancement of the EPSP that lasted more
than 1 hr (Fig. 3A). Neither weak stimulation nor
tACPD alone produced enhancement (Fig. 3A,B).
Pretreatment with ZnPP (10 um) or ZnBG (10 um)
completely abolished the long-lasting enhance-
ment produced by tACPD paired with weak tetanic
stimulation (Fig. 3C). As controls for specificity,
ZnPP or ZnBG did not affect the baseline EPSP in a
second, untetanized pathway in the same slice or
post-tetanic potentiation (PTP) in the tetanized
pathway. ZnPP or ZnBG also did not affect the
decrementing potentiation 5 min after the weak
tetanus (short-term potentiation or STP), suggest-
ing that they did not affect NMDA receptors
(Stevens and Wang 1993; Zhuo et al. 1993). Fur-
thermore, the inactive analog CuPP did not affect
the long-lasting enhancement produced by tACPD
paired with weak stimulation (data not shown).
Unlike ZnPP and ZnBG, the NO synthase inhibitor
N7 nitro-arginine (100 um) also did not affect the
enhancement by tACPD paired with weak tetanic
stimulation (Fig. 4A). These results further support
the idea that the heme oxygenase inhibitors did
not act by inhibiting NO synthase in these studies,
and suggest that CO is involved in potentiation by
tACPD.

If CO serves as one of the retrograde messen-
gers during potentiation, it must diffuse from the
postsynaptic cell to the presynaptic terminals
through the extracellular space. Following bath ap-
plication of the CO and NO binding protein hemo-
globin (20 um) for at least 0.5 hr, tACPD paired
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Figure 3: Effects of heme oxygenase inhibitors on long-
term enhancement produced by tACPD. (A) tACPD (20
pMm, horizontal bar) produced a rapid onset, long-lasting
enhancement of the field EPSP (201.5 + 22.4%, n =8,
t=4.53, P<0.01, comparing average EPSPs 50-60 min
post-training and 30 min pre-training) when applied at
the same time as weak tetanic stimulation of the presyn-
aptic fibers (50 Hz, 0.5 sec; B; paired training). The
EPSP at a control pathway in the same slice, which re-
ceived tACPD alone, was not significantly potentiated
(111.7 = 14.8%). (Inset) Representative recordings of the
field EPSP before and 60 min after tACPD paired train-
ing. (B) Weak stimulation (50 Hz, 0.5 sec) alone did not
produce long-term enhancement (96.5 + 6.7%, n=7).
(©) Heme oxygenase inhibitors (10 pm ZnPP-1X or ZnBG)
completely blocked long-term enhancement produced
by tACPD paired training (l) (ZnPP-IX, 113.9 + 8.2%,
n=6; ZnBG, 89.8 £ 5.9%, n=5). The EPSP at a second
control pathway in the same slice was stable (CJ, tACPD
alone) (100.7 = 7.6%). Results with the two inhibitors
were similar and have been pooled. The average pre-
values were 0.26 mV/msec (tACPD paired), 0.27
(tACPD alone) (A); 0.26 (B); and 0.25 (paired), 0.30
(control) (O).
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with weak tetanic stimulation failed to produce
long-lasting potentiation, but rather produced
slight depression (Fig. 4B). This depression seems
unlikely to result from the nonspecific effects of
hemoglobin, because the EPSP in a second (con-
trol) pathway in the same slice was stable. One
possible explanation is that tACPD might also trig-
ger other processes related to depression that do
not require diffusion of CO or NO through the
extracellular space (Baskys and Malenka 1991; Bol-
shakov and Siegelbaum 1994).
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Figure 4: Effects of an NO synthase inhibitor or hemo-
globin on long-term enhancement produced by tACPD
paired training. (A) N“-nitro-arginine (100 pm) did not
block long-term enhancement by tACPD paired with
weak stimulation (top; M, 172.4+19.3%, n=3§,
t=3.75, P<0.01). The EPSP at a second control path-
way in the same slice (bottom), which received tACPD
alone, was stable (O, 101.1 + 24.5%). (B) Hemoglobin
(20 pm) completely prevented long-term enhancement
produced by tACPD paired training (M, 72.0 = 19.5%,
n=7). The EPSP at a second control pathway in the
same slice was stable (O, 104.3 + 36%). The average
prevalues were 0.30 mV/msec (paired), 0.26 (control)
(A) and 0.28 (paired), 0.30 (control) (B).
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INVOLVEMENT OF SOLUBLE GUANYLYL CYCLASE
IN tACPD-INDUCED ENHANCEMENT

CO activates soluble guanylyl cyclase and in-
creases the production of cGMP in various regions
of the central nervous system, including the hip-
pocampus (J.T. Laitinen, K.S.M. Laitinen, L. Tuom-
isto, and M.M. Airaksinenn, unpubl.; Maine 1993;
Verma et al. 1993). LY83583 and ODQ, two inhibi-
tors of guanylyl cyclase, can block the induction of
LTP (Zhuo et al. 1994; Boulton et al. 1995; Son et
al. 1998). Conversely, membrane-permeable cGMP
analogs paired with weak tetanic stimulation can
produce long-lasting potentiation both in hippo-
campal slices (Haley et al. 1992; Zhuo et al. 1994;
Son et al. 1998) and in dissociated cultures of hip-
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Figure 5:

60

pocampal neurons (Arancio et al. 1995). There-
fore, we investigated the relationship between
mGluRs and cGMP during potentiation.
8-Br-cGMP paired with weak tetanic stimula-
tion still produced significant long-term enhance-
ment in the presence of the mGIluR antagonists
2-amino-3-phosphonopropinate (AP3, 100 um) or
(+)-MCPG (500 um) (Fig. 5A), suggesting that cGMP
does not act by enhancing activation of some types
of mGluRs. Conversely, pretreatment with the gua-
nylyl cyclase inhibitor LY83583 (5 um) abolished
the enhancement produced by tACPD paired with
weak tetanic stimulation (Fig. 5B), suggesting that
cGMP acts downstream of the mGluRs. LY83583
did not affect the enhancement produced by 8-Br-
cGMP paired with weak tetanic stimulation (Fig.
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cGMP and cGMP-dependent protein kinase may act downstream of the mGluRs. (A) The enhancement by

8-Br-cGMP (100 pm, horizontal bar) paired with weak tetanic stimulation (A) was not blocked by the mGIuR antagonists
AP3 (181.5 £14.9%, n=5, t=5.49, P< 0.01) or (+)-MCPG (159.7 £ 11.9%, n=5, t=5.02, P < 0.01). Results with the
two antagonists were similar and have been pooled. (B) The enhancement produced by tACPD (20 pm) paired with weak
tetanus was abolished by the guanylyl cyclase inhibitor LY83583 (100.1 + 14.2%, n = 6). (C) The enhancement produced
by 8-Br-cGMP (100 pm) paired with weak tetanus was not blocked by LY83583 (160.0 + 10.0%, n = 6). (D) Rp-8-Br-
cGMPS, an inhibitor of cGMP-dependent protein kinase, reduced the enhancement produced by tACPD (20 pm) paired
with weak tetanus (120.6 + 16.7%, n =6, t = 2.50, P < 0.05 compared with tACPD paired training in ACSF; Fig. 3A). The
average prevalues were 0.30 mV/msec (A), 0.32 (B), 0.42 (0), and 0.32 (D).
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50), indicating that LY83583 is relatively specific
and did not inhibit processes downstream from
soluble guanylyl cyclase. Furthermore, pretreat-
ment with an inhibitor of cGMP-dependent protein
kinase, Rp-8-Br-cGMPS (10 um) also significantly re-
duced the enhancement produced by tACPD
paired with weak tetanic stimulation (Fig. 5D).
These results suggest that mGluRs produce poten-
tiation by stimulating guanylyl cyclase and cGMP-
dependent protein kinase.

As another test for activation of guanylyl cy-
clase by mGluRs, we carried out an in vitro bio-
chemical assay of cGMP in hippocampal slices. Ap-
plication of tACPD (100 um) produced an increase
in cGMP (Fig. 6A). In agreement with previous re-
ports (East and Garthwaite 1991; Chetkovich et al.
1993), NMDA or the NO donor sodium nitroprus-
side (SNP) also increased the level of cGMP in hip-
pocampal slices.

HEME OXYGENASE ACTIVITY IN HIPPOCAMPUS

These results are consistent with the possibil-
ity that during tetanic stimulation, NO synthase
and heme oxygenase are activated in parallel by
stimulation of NMDA and mGluRs, respectively.
However, another possibility is that heme oxygen-
ase activity is constitutive and provides a tonic,
background level of stimulation that is necessary
for potentiation by either tetanic stimulation or
tACPD. To attempt to distinguish between these
possibilities, we estimated hippocampal heme oxy-
genase activity by measuring the conversion of
[*“Clheme to ['*C]bilirubin by the concerted ac-
tivity of heme oxygenase, NADPH-cytochrome
P-450 reductase and biliverdin reductase. In the
CA1l region of the hippocampus, the mean basal
heme oxygenase activity was 877 + 57 pmoles/mg
per hour (1 = 25 slices) when 21.4 um substrate
concentration was used. Pretreating slices with
ZnPP (10 pum) for at least 30 min at 28°C signifi-
cantly decreased heme oxygenase activity [H0%
(Fig. 6B). In contrast, N“-nitro-arginine (100 um)
did not affect heme oxygenase activity (data not
shown). Strong tetanus or application of tACPD for
either 2 or 5 min also did not affect heme oxygen-
ase activity significantly.

The assay may not be sensitive enough to de-
tect stimulation of heme oxygenase by tetanic
stimulation if the tetanus releases endogenous sub-
strates that compete with the exogenous heme in
the assay. To test this possibility, we used a lower
substrate concentration. However, the enzyme ac-
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Figure 6: Biochemical assays. (A) Radioimmunoassay

of cGMP in the CA1 region of hippocampus treated
with vehicle (control), tACPD, NMDA, or SNP.
The cGMP level was increased by 100 um tACPD
(170.8 £ 20.9%, n=6, t=3.39, P<0.05), 10 pm
NMDA (175.0 +13.9%, n=3), or 300 pm SNP
(192.2 £ 35.7%, n=3). Data are presented as the per-
centage of the cGMP level in vehicle-treated slices from
the same experiment. (B) Heme oxygenase activity in
slices treated with vehicle (control), ZnPP, strong teta-
nus, or tACPD. Pretreatment with ZnPP (10 pm) for at
least 30 min significantly decreased heme oxygenase
activity to 58.3 +3.8% of control values (n=4,
t=10.97, P < 0.01). Strong tetanus did not affect heme
oxygenase activity, measured 1 min after tetanic stimu-
lation, with  21.4 pm substrate concentration
(82.7 £10.9%, n=4). Application of tACPD (100 pm)
for either 2 or 5 min did not significantly affect heme
oxygenase activity (tACPD 2 min, 93.7 £ 5.2%, n=75;
tACPD 5 min, 104.7 £ 3.7%, n=15). The 2- and 5-min
data have been pooled.

tivity was also not altered 5 min after strong tetanic
stimulation with 4.4 um substrate concentration
(111.0 = 15.4%, n = 6). Basal heme oxygenase ac-
tivity was significantly lower (227 + 54 pmoles/mg
per hour, n = 8) when assessed with 4.4 um sub-
strate concentration, as compared with the activity
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found with 21.4 um heme (¢ =6.09, P < 0.001),
suggesting that substrate availability may be a rate-
limiting step in hippocampal heme oxidation. This
is somewhat surprising, as both known isozymes of
heme oxygenase have a K,, [0.5 pum for heme
(Maines 1988). On the basis of a three-point Line-
weaver-Burk plot, we estimated a K,,, of 37.2 um
and a v,,, of 2250 pmoles/mg per hour for the
basal hippocampal heme-degrading capacity. this
result may suggest the presence of additional
heme-degrading capacity within the hippocampal
homogenate. heme-degrading capacity is not nec-
essarily limited to the two known microsomal
heme oxygenases, as there is some evidence for
the presence of mitochondrial and cytosolic sys-
tems for heme degradation (maines 1988). the pos-
sible implication of these findings is that the pre-
sent studies may have underestimated the actual
capacity of hippocampal tissue to generate co.
The results of these assays favor the hypothesis
that constitutive rather than stimulated heme oxy-
genase activity is critical for potentiation induced
by strong tetanus or tacpd-paired training. How-
ever, our results do not exclude the possibility that
heme oxygenase is activated in a restricted region
or cellular compartment during Itp induction, and
therefore might not be detected in our assays. simi-
larly, because we applied tetanic stimulation or
tacpd to slices and then measured heme oxygenase
activity in homogenates, we may not have detected
rapidly reversible stimulation of heme oxygenase.

Discussion

LTP in CA1l and dentate gyrus can be blocked
by inhibitors, targeted mutation, or adenovirus-me-
diated inhibition of NO synthase, suggesting that
NO is involved in potentiation (Bohme et al. 1991;
O’Dell et al. 1991; Schuman and Madison 1991;
Haley et al. 1992; Mizutani et al. 1993; Boulton et
al. 1995; Doyle et al. 1996; Kantor et al. 1996; Son
etal. 1996; Wu et al. 1997). However, NO synthase
inhibitors failed to block LTP in some studies (Kato
and Zorumski 1993; Bannerman et al. 1994; Cum-
mings et al. 1994), and in other studies NO syn-
thase inhibitors blocked LTP only under some ex-
perimental circumstances, but not under other cir-
cumstances (Gribkoff and Lum-Ragan 1992;
Chetkovich et al. 1993; Haley et al. 1993, 1996;
Williams et al. 1993; O’Dell et al. 1994; Malen and
Chapman 1997). Williams et al. (1993) suggested
that NO synthase inhibitors block LTP only in slices
prepared from young animals and maintained at
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room temperature. However, we and others have
found that NO synthase inhibitors can block LTP in
slices maintained at 28-32°C (Bohme et al. 1991;
O’Dell et al. 1991, 1994; Gribkoff and Lum-Ragan
1992; Chetkovich et al. 1993; Haley et al. 1993;
Boulton et al. 1995; Son et al. 1996; Malen and
Chapman 1997; Wu et al. 1997) and also in vivo
(Mizutani et al. 1993; Doyle et al. 1996). We did not
examine LTP in older rats, but several studies
(Doyle et al. 1996; Haley et al. 1996; Malen and
Chapman 1997) have reported that NO synthase
inhibitors can block LTP in older animals. There-
fore, we feel that age and temperature cannot ex-
plain most of the differences in the published re-
sults, and suggest that more of those differences
might be explained by differences in the tetanic
stimulation. We found that an NO synthase inhibi-
tor blocked LTP produced by one train of tetanic
stimulation and significantly reduced LTP by two
trains of stimulation, but only slightly reduced LTP
produced by four trains of stimulation. Similar re-
sults have been obtained in several other studies in
which the strength of the tetanic stimulation was
varied in different ways (Chetkovich et al. 1993;
Haley et al. 1993; O’Dell et al. 1994; Malen and
Chapman 1997; for review, see Gribkoff and Lum-
Ragan 1992).

These results suggest that NO contributes im-
portantly to LTP induced by relatively weak tetanic
stimulation, but other messengers or enzymes con-
tribute more to LTP induced by stronger tetanic
stimulation. For example, previous studies have
shown that cAMP-dependent protein kinase (PKA)
makes little contribution to early-phase LTP in-
duced by one train of tetanic stimulation, but
makes more of a contribution to intermediate-
phase LTP induced by two trains and makes a large
contribution to late-phase LTP induced by four
trains (Huang and Kandel 1994; Blitzer et al. 1995;
Winder et al. 1998). Consistent with these results,
Lu et al. (in prep.) have recently found that cGMP-
dependent PKA contributes to late-phase LTP in-
duced by three trains, but makes less of a contri-
bution to LTP induced by four trains. Thus, the
NO-cGMP-PKG signaling pathway and the cAMP-
PKA pathway appear to play complementary roles
in LTP. In addition to these pathways, other mes-
sengers and enzymes most likely also make contri-
butions to LTP that are larger or smaller depending
on the experimental conditions.

Another candidate retrograde messenger is
CO. Inhibitors of heme oxygenase also block or
significantly reduce the induction of LTP in the
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hippocampus (Stevens and Wang 1993; Zhuo et al.
1993; Ikegaya et al. 1994; Poss et al. 1995). How-
ever, there are concerns about the specificity of
heme oxygenase inhibitors, one being that they
may also inhibit NO production (Meffert et al.
1994; Okada, 1996). This seems unlikely in the pre-
sent study, because LTP induced by either four
trains of tetanic stimulation or tACPD paired with
weak tetanus was only slightly reduced by an in-
hibitor of NO synthase (N nitro-arginine) but was
significantly reduced by two inhibitors of heme
oxygenase (ZnBG and ZnPP) at a 10-fold lower dos-
age. This pattern of results might occur if ZnBG
and ZnPP were actually better inhibitors of NO
synthase than N nitro-arginine. However, in bio-
chemical assays of NO synthase activity in hippo-
campal tissue (East and Garthwaite 1991; Huang et
al. 1993; Meffert et al. 1994) ZnBG did not inhibit
NO synthase at all, and, although ZnPP did inhibit
NO synthase, it was [11000-fold less potent than N
nitro-arginine. Another concern is that inhibitors of
heme oxygenase might also act by inhibiting
soluble guanylyl cyclase (Ignarro et al. 1984; Luo
and Vincent 1994). However, heme oxygenase in-
hibitors did not block potentiation induced by CO,
which stimulates soluble guanylyl cyclase. These
results are consistent with previous reports that
heme oxygenase inhibitors do not inhibit soluble
guanylyl cyclase in olfactory neuronal cultures
(Verma et al. 1993), and that in endothelial and
intestinal tissue heme oxygenase inhibitors are
more selective for heme oxygenase than for either
NO synthase or guanylyl cyclase (Zakhary et al.
1996, 1997). A third concern is that LTP appears to
be normal in animals with a targeted mutation of
heme oxygenase-2 (Poss et al. 1995). A possible
explanation for this negative result is compensa-
tion by other isoforms of heme oxygenase or other
messengers (Chen and Tonegawa 1996).

If both NO synthase and heme oxygenase are
involved in LTP, it is not clear what their respective
roles might be. One possibility suggested by our
results is that they are activated by different stimu-
lation patterns that might engage different recep-
tors and second messengers. In many regions of
the central nervous system, NO synthase activity is
acutely controlled by glutamate NMDA receptors
through a Ca**-calmodulin-dependent mechanism.
In the hippocampus, tetanic stimulation or NMDA
application activates NO synthase, but the molecu-
lar mechanisms for activation of heme oxygenase
are not known. Pharmacological studies with heme
oxygenase inhibitors suggest that heme oxygenase
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may be activated in the brainstem or cerebellum by
metabotropic  glutamate receptor activation
(Glaum and Miller 1993; Nathanson et al. 1995),
suggesting the possibility that NO and CO could be
activated in parallel by stimulation of NMDA and
mGluRs, respectively. Consistent with this possibil-
ity, we found that inhibitors of heme oxygenase,
but not NO synthase, block potentiation by the
mGluR agonist tACPD.

Both NO and CO stimulate soluble guanylyl
cyclase and increase the production of cGMP in
hippocampus (East and Garthwaite 1991; Chetkov-
ich et al. 1993; Verma et al. 1993). Furthermore,
cGMP analogs can produce activity-dependent
long-lasting potentiation and inhibitors of guanylyl
cyclase or cGMP-dependent protein kinase can
block LTP both in hippocampal slices (Haley et al.
1992; Zhuo et al. 1994; Boulton et al. 1995; Blitzer
et al. 1995; Son et al. 1998) and in dissociated cul-
tures of hippocampal neurons (Arancio et al. 1995,
1997). Other studies have failed to confirm some of
these results (Schuman et al. 1994; Selig et al. 1996;
Gage et al. 1997; Wu et al. 1998), but Son et al
(1998) have recently identified experimental vari-
ables that may account in part for these discrepan-
cies. We found that like LTP, tACPD-induced po-
tentiation can be blocked by inhibitors of soluble
guanylyl cyclase and cGMP-dependent protein ki-
nase, and that tACPD stimulates guanylyl cyclase
activity in hippocampal slices. These results sug-
gest that mGIuR activation might stimulate gua-
nylyl cyclase through CO. However, in biochemi-
cal assays, we found that there is strong constitu-
tive (basal) heme oxygenase activity in the CAl
region of hippocampus, and that this activity does
not seem to be controlled by either tetanic stimu-
lation or tACPD application. Although not conclu-
sive, the assay results are most consistent with the
possibility that heme oxygenase activity may not
be acutely modulated by synaptic activation, as is
NO synthase. Instead, constitutive heme oxygen-
ase activity may be necessary for LTP and tACPD-
induced potentiation, perhaps by producing tonic,
background stimulation of guanylyl cyclase. If so,
activation of mGluRs may produce acute stimula-
tion of guanylyl cyclase through some other path-
way, possibly arachidonic acid (Snider et al. 1984).
Activation of mGluRs is thought to produce acute
stimulation of guanylyl cyclase through NO in cer-
ebellum (Okada 1995), but this seems unlikely in
our experiments because potentiation by the
mGIluR agonist tACPD was blocked by inhibitors of
guanylyl cyclase but not NO synthase.
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The most likely conclusion from our results,
therefore, is that NO synthase and heme oxygenase
are not activated in parallel during the induction of
LTP, but rather that heme oxygenase plays a more
tonic role. This idea is also more consistent with
the results shown in Figures 1 and 2, which indi-
cate that the NO synthase- and heme oxygenase-
dependent components of LTP are not additive. If
heme oxygenase has a tonic function, it might act
as a constitutive, housekeeping enzyme or it might
have a more specific role as the source of a tonic
retrograde messenger during LTP. Experiments on
hippocampal neurons in culture support the idea
that there may be both phasic and tonic retrograde
messengers (Noel et al. 1996). One intriguing pos-
sibility is that although heme oxygenase may not
play a phasic signaling role during the early phase
of LTP, it could be induced by strong tetanic stimu-
lation and thus play a more tonic role in the late,
protein synthesis-dependent phase of LTP. Such a
mechanism could contribute to a protein synthesis-
dependent increase in presynaptic transmitter re-
lease during the late phase of LTP (Bolshakov et al.
1997; Sokolov et al. 1998).
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