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Epilepsy is a disease of neuronal hyperexcitability, and phar-
macological and genetic studies have identified norepinephrine
(NE) and neuropeptide Y (NPY) as important endogenous reg-
ulators of neuronal excitability. Both transmitters signal through
G-protein-coupled receptors, are expressed either together or
separately, and are abundant in brain regions implicated in
seizure generation. NPY knock-out (NPY KO) and dopamine
B-hydroxylase knock-out (DBH KO) mice that lack NE are
susceptible to seizures, and agonists of NE and NPY receptors
protect against seizures. To examine the relative contributions
of NE and NPY to neuronal excitability, we tested Dbh;Npy
double knock-out (DKO) mice for seizure sensitivity. In general,
DBH KO mice were much more seizure-sensitive than NPY KO
mice and had normal NPY expression, demonstrating that an

NPY deficiency did not contribute to the DBH KO seizure
phenotype. DKO mice were only slightly more sensitive than
DBH KO mice to seizures induced by kainic acid, pentylenetet-
razole, or flurothyl, although DKO mice were uniquely prone to
handling-induced seizures. NPY contributed to the seizure phe-
notype of DKO mice at high doses of convulsant agents and
advanced stages of seizures. These data suggest that NE is a
more potent endogenous anticonvulsant than NPY, and that
NPY has the greatest contribution under conditions of extreme
neuronal excitability.
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Pharmacological and genetic studies have provided insight into
how single neurotransmitters affect the activity of target cells.
However, most neurons in the brain receive concurrent signals
from more than one neurotransmitter, and little is known about
how multiple signals are integrated and drive behavioral output.
Transmitters could have synergistic, opposing, or completely sep-
arate effects on target cells.

Norepinephrine (NE) and neuropeptide Y (NPY) are abun-
dant in the nervous system and are expressed both together and
separately (Colmers and Wahlestedt, 1993; Cooper et al., 1996).
In the periphery, they are co-released from neurons of the sym-
pathetic nervous system and regulate multiple physiological pro-
cesses (Lundberg et al., 1990). NPY potentiates NE-induced
contractions in arteries via postsynaptic receptors (Itoi et al.,
1986; Cortés et al., 1999) but can oppose NE-inducted contrac-
tion of the vas deferens by inhibiting NE release presynaptically
(Lundberg and Stjarne, 1984; Bitran et al., 1996). A majority of
central noradrenergic neurons originate in the locus coeruleus
(LC) and send projections widely throughout the brain (Cooper
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et al.,, 1996). NPY is co-expressed in 20-40% of LC neurons
(Everitt et al., 1984; Holets et al., 1988; Xu et al., 1998) and is also
expressed in other regions that receive noradrenergic innerva-
tion, such as the hippocampus, cortex, and hypothalamus (Morris,
1989; Colmers and Wahlstedt, 1993). The interactions between
NE and NPY that act on common targets in the brain, whether
released together or separately, have not been extensively
studied.

Pharmacological and genetic experiments have demonstrated
that NE and NPY are potent endogenous anticonvulsants (Los-
cher and Czuczwar, 1987; Erickson et al., 1996; Baraban et al.,
1997; Woldbye et al., 1997; Szot et al., 1999). Because epilepsy is
a disease of neuronal hyperexcitability, both transmitters likely
dampen excessive excitation of neurons in regions of the brain
implicated in epileptic seizures. Seizure susceptibility is very
sensitive to species, strain, and seizure-inducing paradigm used.
For example, slightly altering the genetic background of NPY Y5
receptor knock-out mice can drastically change sensitivity to
kainic acid-induced seizures (Marsh et al., 1999). Although many
papers have described the anticonvulsant effects of NE and NPY,
each study focused on only one of the two transmitters. There-
fore, it is not possible to predict the relative contribution of each
transmitter to seizure susceptibility or the possible synergistic or
antagonistic interactions between them.

We took a genetic approach to identifying NE/NPY interac-
tions and their relative contributions to cell excitability by exam-
ining seizure susceptibility of mice lacking NE, NPY, or both. A
targeted disruption of the Dbh gene, which is required for NE
synthesis, was used to remove NE (Thomas et al., 1995), and
NPY was removed by a targeted disruption of the Npy gene
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(Erickson et al., 1996). Mice that lack both NE and NPY were
generated by crossing the Dbh- and Npy-deficient strains. The
advantage of this system is that wild-type, single, and double
mutant mice on the same genetic background were simulta-
neously tested in multiple seizure paradigms, and direct compar-
isons between transmitters were possible.

MATERIALS AND METHODS

Animals. Dbh;Npy double knock-out mice were bred as follows: Npy —/—
males maintained on a pure 129/SvEv background were bred to Dbh +/—
females maintained on a 129/SvEv and C57BL/6J mixed background.
Then, F1 Dbh +/—;Npy +/— males and females were bred to each other.
F2 Dbh —/—;Npy +/— males were bred to Dbh +/—;Npy +/— females to
produce the four genotypes used in this study: Dbh —/—;Npy —/—
[double knock-out (DKO)], Dbh —/—;Npy +/+ [dopamine B-hydroxylase
knock-out (DBH KO)], Dbh +/—;Npy —/— (NPY KO), and Dbh +/—;
Npy +/+ [wild type (WT)]. This breeding strategy was chosen to max-
imize production of DKO mice and because the seizure phenotype of
Dbh +/— mice is indistinguishable from Dbh +/+ littermates (Szot et al.,
1999), whereas Npy +/— mice are slightly more seizure-sensitive than
Npy +/+ littermates (D. Marsh, personal communication). All mice were
genotyped by PCR analysis from tail genomic DNA. Treatment with
L-threo-3,4-dihydroxyphenylserine (DOPS; Sumitomo Pharmaceuticals,
Osaka, Japan) was used to enhance fertility of Dbh —/— males and to
rescue the embryonic lethal phenotype during development as described
(Thomas et al., 1995, 1998).

Mice were reared in a specific pathogen-free facility with a 12 hr
light/dark cycle at the University of Washington, although mice were
moved to a conventional facility for some experiments. Food and water
were available ad libitum, and mice between 3 and 6 months of age were
used for all experiments. Experimental protocols were approved by the
Animal Care Committee at the University of Washington and met the
guidelines of the American Association for Accreditation of Laboratory
Animal Care.

Tissue preparation. Naive male mice were Kkilled, and brains were
removed, quick-frozen on dry ice, and stored at —80°C. Coronal sections
(18 um) of the hindbrain were cut on a cryostat and mounted onto three
sets of Superfrost/Plus microscope slides (Fisher Scientific, Pittsburgh,
PA), thereby placing every third section into a given set. One set was used
for the NPY in situ hybridization. Slides were post-fixed in 4% parafor-
maldehyde, washed in PBS, treated with acetic anhydride (0.25% in 0.1
M triethanolamine), dehydrated, delipidated, and air-dried as described
(Szot and Dorsa, 1994).

In Situ Hybridization. The plasmid used to make the NPY riboprobe
was generously provided by Dr. Steven Sabol (National Heart, Lung, and
Blood Institute, Bethesda, MD). A full-length 511 bp pre-pro-NPY rat
c¢DNA cloned into the EcoRI site of the Bluescript (=) vector (Strat-
agene, La Jolla, CA) was linearized with Pvull, and antisense RNA was
synthesized using T3 RNA polymerase (Promega, Madison, WI) [**S]-
(a-thio)-UTP (NEN, Boston, MA). The reaction was performed for 90
min at 37°C, then extracted with phenol-chloroform and chloroform, and
precipitated with ammonium acetate (1.5 M final concentration) and
isopropyl alcohol. The pellet was resuspended in Tris-EDTA-
dithiothreitol buffer. Then, the riboprobe was diluted as described (Szot
et al., 1994), but with 200 mm instead of 10 mm dithiothreitol. The
riboprobe (specific activity, 6.9 X 10° ¢cpm/50 ul) was applied to the
tissue and incubated overnight at 62°C. The next day, coverslips were
removed by soaking in 2X SSC. Slides were treated with RNase A for 30
min at 37°C, followed by a series of washes in 0.1X SSC at 65°C. Then,
slides were dehydrated, air-dried, and dipped in Kodak NTB2 emulsion
(VWR, Seattle, WA). Slides were developed 14 d later in Kodak D-19
developer, rinsed in water, and fixed in Kodak general fixer. Then, the
slides were stained with cresyl violet acetate, dehydrated, air-dried, and
mounted with coverslips. The locus coeruleus region was identified using
a mouse brain atlas (Franklin and Paxinos, 1997). Slides were coded and
analyzed in random order with an automated image-processing system by
an operator blind to genotype. NPY-positive cells were counted manu-
ally, and the number of silver grains per cell was determined with a
grain-counting program, as described (Marks et al., 1992). Pictures were
taken with a digital camera and cropped and sized using Adobe Photo-
shop (Adobe Systems, San Jose, CA).

Reverse transcription-PCR. Total RNA was extracted from whole brains
without hindbrain, which was used for in situ analysis, with Trizol reagent
(Life Technologies, Rockville, MD) and reverse transcribed using oligo-
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dT. An aliquot of each reverse transcription (RT) reaction was used for
PCR reactions, which were primed with oligonucleotides complementary
to sequences in the 3" UTR of the mouse Npy gene. After 27 cycles of
PCR, which preliminary experiments indicated was within the linear
range, products were diluted 1:5 and 1:10 and electrophoresed on a 2%
NusSieve GTG agarose (ISC Bioexpress, Denver, CO) plus 0.8% agarose
(Life Technologies) gel and stained with ethidium bromide. A picture of
the gel was scanned into Adobe Photoshop, cropped, and sized.

Pentylenetetrazole seizures. Pentylenetetrazole (PTZ) (25-50 mg/kg)
was dissolved in water and administered (4 ml/kg, i.p.) to seizure-naive
mice. After injection, animals were placed into a clear container and
closely monitored for 10 min. Latencies to first myoclonic jerk (MJ)
(focal seizure) and clonic—tonic (C/T) (generalized) seizure served as
measures of seizure susceptibility. Animals not having seizures were
assigned latencies of 10 min. Data were analyzed by Student’s ¢ test or
Wilcoxon-Mann—-Whitney U test when comparing two groups, and
ANOVA followed by Student-Newman-Keuls or Bonferroni post hoc
tests when comparing more than two groups.

Flurothyl seizures. Seizure-naive mice were placed in an air-tight Plexi-
glas chamber, and flurothyl (Aldrich, Milwaukee, WI) was infused (20
ul/min) onto filter paper from which it vaporized. Each mouse was tested
individually, was removed immediately from the chamber after onset of
generalized seizure, and received only one exposure to flurothyl. Laten-
cies to first myoclonic jerk and to clonic—tonic seizure were measured,
and data were analyzed as described above.

Kainic acid seizures. Kainic acid (Sigma, St. Louis, MO) was dissolved
in PBS at 4 mg/ml, brought to neutral pH with 1 M NaOH, and admin-
istered to seizure-naive mice (20 mg/kg, i.p.). After injection, animals
were placed into a clear container and closely monitored for 40 min. The
latency to the first clonic—tonic seizure was measured, and maximal
seizure severity was scored on a Racine scale (Racine, 1972) as follows:
0, no response; 1, staring; 2, myoclonic jerk; 3, forelimb clonus; 4, rearing;
S, loss of posture—generalized seizure; 6, death. Data were analyzed as
described above. Animals not having clonic—tonic seizures were assigned
latencies of 40 min.

Handling-induced seizures. Handling-induced seizures were quanti-
tated in the course of the PTZ experiments. Before being injected with
PTZ, mice were weighed, placed on a cage top, and observed for 2 min.
Animals that displayed seizure-like behavior were not included in the
PTZ study.

Cerebral blood flow. Cerebral blood flow (CBF) was measured using
the [ '*Cliodoantipyrine method described by Maeda et al. (2000) with
the following modifications. DBH KO mice were placed in the flurothyl
chamber, and flurothyl was administered as described above. When the
first myoclonic jerk was observed, the mice were quickly removed and
injected intraperitoneally with 19 uCi of ['*Cliodoantipyrine (Amer-
sham Pharmacia Biotech, Little Chalfont, UK) in a volume of 152 ul of
0.9% NaCl. Mice were then placed back in the flurothyl chamber, and
flurothyl was administered for 60 sec, during which time the mice
continued to have seizure-like activity, after which mice were removed
from the chamber and killed. WT mice were time-matched for flurothyl
exposure to DBH KO mice and displayed no MJs or other seizure-like
activity. Blood was collected in heparinized tubes, centrifuged, frozen on
dry ice, and stored at —80°C. A scintillation counter was used to quantify
the [ "*Cliodoantipyrine present in 10 wl of serum. Brains were removed,
frozen on dry ice, and stored at —80°C. Coronal brain sections (20 wm)
were mounted on slides and exposed to autoradiographic film next to a
[ '#C] standard; hippocampal [ "*Cliodoantipyrine was quantitated by an
observer blind to genotype using MicroComputer Imaging Device Sys-
tems (MCID; Imaging Research, St. Catharines, Ontario, Canada).
Relative CBF was calculated by dividing the amount of [*Cliodoan-
tipyrine in the hippocampus (mCi/gm) by the amount of [ '*CJiodoan-
tipyrine in the serum (cpm/ul) and expressed as a ratio. Data were
analyzed by Student’s ¢ test.

RESULTS

Handling-induced seizures

During normal handling of the mice, we noticed that DKO mice
occasionally had seizures. We quantitated this phenotype before
our PTZ assay (see Materials and Methods). Handling-induced
seizures were apparent only in DKO mice and ranged in severity
from cessation of locomotion and staring in a hunched position to
clonic-tonic seizures. We found that 25% (4 of 16) of the DKO
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Figure 1. PTZ-induced seizures. A, PTZ administered at 30
mg/kg (WT, n = 6; NPY KO, n = 7; DBH KO, n = 6; DKO,
n = 6); B, 40 mg/kg (WT, n = 7; NPY KO, n = 8); C, 25
mg/kg (DBH KO, n = 13; DKO, n = 8). Latencies to first
myoclonic jerk (MJ) and clonic/tonic (C/T') seizures shown.
*p < 0.01, compared with WT.

mice had handling-induced seizures. In contrast, none of the WT,
DBH KO, or NPY KO mice showed any seizure-like activity,
suggesting that NE and NPY act together to prevent handling-
induced seizures.

PTZ seizures

Mice were treated with 30 mg/kg PTZ, and latency to focal
seizure (MJ) and generalized seizure (C/T) was measured. We
found that although NPY KO mice were slightly more sensitive to
PTZ seizures than WT mice, DBH KO mice were drastically
more so (Fig. 14). DKO mice tended to be slightly more sensitive
than DBH KO mice in terms of latency to generalized seizure,
although the differences were not significant (Fig. 14). Because
WT and NPY KO mice had very little seizure activity at 30
mg/kg PTZ, we administered a higher dose, and the small dif-
ference between NPY KO and WT mice became more pro-
nounced at 40 mg/kg PTZ (Fig. 1B). To rule out the possibility
that seizure sensitivity was similar between DBH KO and DKO
mice because of a ceiling effect at this dose of PTZ, a lower dose
(25 mg/kg) was administered. However, 25 mg/kg PTZ failed to
reveal a significant difference between DKO and DBH KO mice
(Fig. 1C), suggesting that DKO mice are only slightly more
PTZ-sensitive than DBH KO mice.

Flurothyl seizures

The results from flurothyl-induced seizures mirrored those of
PTZ-induced seizures. NPY KO mice were slightly more sensi-
tive than WT mice, DBH KO mice were much more sensitive
than WT and NPY KO mice, and DKO mice were only slightly
more sensitive than DBH KO mice (Fig. 2). Latency to C/T
seizure was significantly shorter in the DKO mice compared with
DBH KO mice.

500

MJ

Figure 2. Flurothyl-induced seizures. Latencies to first myoclonic jerk
(MJ) and clonic/tonic (C/T') seizures shown (WT,n = 7; NPY KO, n = 7;
DBH KO, n = 6; DKO,n = 7). *p < 0.05, **p < 0.01, compared with WT.
fp < 0.05, compared with DBH KO.
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Kainic acid seizures

We found no differences in seizure severity or latency to gener-
alized seizure between NPY KO and WT mice in a 40 min assay
(Fig. 34,B). However, we observed that more NPY KO mice
were dead 24 hr after kainic acid administration (4 of 8 NPY KO,
0 of 8 WT), in agreement with previous results (Baraban et al.,
1997; DePrato Primeaux et al., 2000). DBH KO and DKO mice
were comparatively more sensitive than WT mice in terms of both
seizure severity and latency (Fig. 34,B).

Cerebral blood flow

Because NE and NPY are co-expressed in sympathetic neurons
and have profound effects on heart rate and blood pressure, we
measured CBF to determine whether the seizure susceptibility
phenotype of DBH KO mice was caused by changes in cardio-
vascular function. CBF during flurothyl-induced seizures, deter-
mined by the ['*Cliodoantipyrine method and expressed as a
ratio of hippocampal [ '*Cliodoantipyrine to serum [ '*Cliodoan-
tipyrine, did not significantly differ between WT (0.37 = 0.03; n =
3) and DBH KO (0.42 = 0.1; n = 3) mice, despite greater seizure
activity in the DBH KO mice (see Materials and Methods).
Similarly, no differences in cortical CBF between genotypes were
found (data not shown). These results suggest that the increased
sensitivity to flurothyl-induced seizures in Dbh —/— mice is likely
attributable to direct effects on neuronal excitability rather than
differences in CBF. It follows that the interactions observed
between NE and NPY in response to seizures occur in the brain.

NPY levels are normal in DBH KO mice

The lack of a profound difference in seizure susceptibility be-
tween DBH KO and DKO mice could be explained if DBH KO
mice were already deficient in NPY. To determine whether NPY
expression is regulated by NE, we examined NPY mRNA levels
in the LC by in situ hybridization and the rest of the brain by
RT-PCR. Similar to rats (Holets et al., 1988; Xu et al., 1998),
NPY is expressed in a subset of mouse LC neurons (Fig. 44). The
number of cells expressing NPY and the intensity of expression
per cell was similar between WT and DBH KO mice (Fig. 44-D).
There was a trend for fewer cells to show NPY expression in the
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Figure 3. Kainic acid-induced seizures. A, Maximal seizure severity; B,
latency to generalized seizure in response to 20 mg/kg kainic acid (WT,
n =8 NPY KO,n = 8; DBH KO, n = 8; DKO, n = 7). *p < 0.05.
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Figure 4. NPY mRNA expression in DBH KO mice. Representative
atlas-matched locus coeruleus in situ hybridization darkfield images (10X)
of NPY in WT (A4) and DBH KO (B) mice. Quantitation of number of
cells (C) and grains per cell (D) for NPY in situ hybridization in the locus
coeruleus (WT, n = 10; DBH KO, n = 10). E, Representative gel of NPY
RT-PCR in brains of WT (n = 6) and DBH KO (n = 6) mice. Shown for
each animal: no RT (no reverse transcriptase in reaction), undiluted (0.5 pul
of RT reaction in PCR reaction), 7:5 (0.5 ul of 1:5 diluted RT reaction in
PCR reaction), and 7:10 (0.5 ul of 1:10 diluted RT reaction in PCR
reaction).

Dbh —/— mice, but it was not significant. Although there was
some variability from animal to animal in NPY expression in the
rest of the brain as measured by RT-PCR, there was no difference
between genotypes (Fig. 4E). In addition, no gross differences in
NPY immunostaining were observed (data not shown). These
results suggest that normal NPY expression does not require NE.

DISCUSSION

Although NE and NPY are released in many of the same brain
regions, including from some of the same neurons, the way that
their signals converge and are integrated has not been well
characterized in the CNS. The data presented here demonstrate
that measuring behavioral outputs in single and double neuro-
transmitter mutants provides a straightforward means of assessing
their single and combined contributions to neuronal excitability.
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Seizure inhibition by NE and NPY

Previously, the only information regarding interactions between
NE and NPY in the brain suggested that NPY inhibited norad-
renergic neuronal firing and NE release. This was demonstrated
in the LC (Illes and Regenold, 1990) and the hypothalamus
(Tsuda et al., 1989). In both cases, NPY appeared to enhance the
action of NE acting on presynaptic o2 autoreceptors. However,
because NE and NPY are both endogenous anticonvulsants, this
type of interaction cannot be representative in brain regions that
mediate seizure susceptibility. For example, if the inhibition of
NE release in the hippocampus was the primary anticonvulsant
mechanism of NPY action, then either NE would be expected to
promote seizures or a lack of NPY would protect against seizures
by allowing more NE release.

Because DBH KO mice are significantly more seizure-sensitive
than NPY KO mice in most seizure paradigms tested, we con-
clude that NE is a more potent endogenous inhibitor of neuronal
excitability than NPY. The lack of NPY contributed most to
seizure susceptibility at high doses of convulsants and at late
stages of seizures, when neuronal firing is highest. For example,
differences in seizure latency between NPY KO and WT mice
reached significance at 40 mg/kg, but not 30 mg/kg PTZ (Fig. 2),
and for generalized seizure, but not myoclonic jerk, for flurothyl
(Fig. 3). These results are consistent with literature demonstrat-
ing that NPY, and neuropeptides in general, require high neuro-
nal activity for their release (for review, see Bartfai et al., 1988).
Because NPY gene expression is upregulated in the hippocampus
after seizures (Gruber et al., 1994; Kragh et al., 1994; Tgnder et
al., 1994), the primary anticonvulsant action of NPY may be to
inhibit recurring seizures rather than a single epileptic episode. In
contrast, DBH KO mice have reduced latencies to the first be-
havioral signs of seizure (Szot et al., 1999) (Figs. 2, 3). Further-
more, tyrosine hydroxylase, the rate-limiting enzyme for NE
biosynthesis (Cooper et al., 1996), is upregulated in the LC by
kainic acid- and PTZ-induced seizures (Szot et al., 1997; Beng-
zon et al., 1999), and NE is critical for inhibiting seizures in
kindling paradigms (Corcoran et al., 1974; Ehlers et al., 1980;
Barry et al., 1987; Gellman et al., 1987; Weiss et al., 1990). These
results suggest that NE is critical both for inhibiting seizure onset
and protecting against recurring seizures.

In the periphery, several cases of synergy between NE and
NPY have been described (Cortés et al., 1999; Hoyo et al., 2000;
Pellieux et al., 2000). For example, NPY alone has no effect, but
potently contracts arteries in the presence of NE. NPY enhances
noradrenergic a1 signaling in this system and appears to converge
with NE at the level of phospholipase C (PLC), because PLC-
coupled NE («al) and NPY (Y1) receptors are involved in this
response (Selbie et al., 1995). However, we did not observe any
synergy between the two transmitters with regard to PTZ-,
flurothyl-, and kainic acid-induced seizures; DKO mice were only
slightly more seizure-sensitive than DBH KO mice. This is more
consistent with an additive model of interaction. The one excep-
tion was handling-induced seizures, for which there was clear
evidence for synergy.

What is the source of the anticonvulsant NPY in the brain?
Although a majority of the NPY in the hippocampus is synthe-
sized and released from GABAergic interneurons (Morris, 1989),
a subset of LC neurons projecting to the hippocampus and ento-
rhinal cortex, two regions central to seizure generation and prop-
agation, co-express NPY (Wilcox and Unnerstall, 1990). Further
experiments, such as depleting NPY specifically from noradren-
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ergic neurons and examining seizure susceptibility, will be re-
quired to determine where the seizure-inhibiting NPY is
produced.

Regulation of neurotransmitter levels

Most neurons produce multiple neurotransmitters, and many
different combinations of transmitters exist. For example, multi-
ple neuropeptides, one or more neuropeptides plus a classical
neurotransmitter, and multiple classical neurotransmitters have
been found to coexist in different classes of neurons (for review,
see Bartfai et al., 1988). However, only a few functional interac-
tions have been described. We have focused on central neurons
co-expressing a neuropeptide (NPY) and a small molecule neu-
rotransmitter (NE). Interestingly, a majority of LC neurons also
co-express the neuropeptide galanin, and a subset of LC neurons
expresses all three neurotransmitters (Skofitsch and Jacobowitz,
1985; Moore and Gustafson, 1989; Xu et al., 1998). We expected
that NPY might be upregulated in LC neurons of DBH KO mice
to compensate for the lack of NE, because drugs that deplete NE
induce NPY in the LC (Gundlach et al., 1990). However, the
NE-depleting agents used (e.g., reserpine) can also deplete co-
transmitters from the noradrenergic neurons (Xu et al., 1998);
therefore, the increased NPY expression may not be attributable
only to a decrease in NE. The RT-PCR assay may not have been
sensitive enough to detect small changes in discrete brain regions,
but our in situ hybridization experiments clearly showed that
NPY was not induced in LC neurons by specific NE depletion.
We conclude that NPY is not upregulated in the LC to compen-
sate for the loss of a co-expressed neurotransmitter. The analysis
of co-expressed neurotransmitters in other knock-out mice will be
required to determine whether this result can be extended to
other sets of neurotransmitters.

Implications for epilepsy therapeutics

Because animal models of epilepsy are potentially useful for
developing new anticonvulsant drugs, it is critical to determine
which neurotransmitter systems will make the most potent targets.
Some anticonvulsant drugs have been compared in wild-type
rodents (Dalby and Nielsen, 1997), but this is the first genetic
comparison of endogenous anticonvulsant neurotransmitters.
Our results demonstrate that, in terms of seizure susceptibility, a
lack of NE is more deleterious than a lack of NPY. Because most
people suffering from epilepsy probably have normal NE and
NPY levels, it will be interesting to determine whether drugs that
increase N E signaling are more potent anticonvulsants than NPY
agonists in wild-type animals. If so, the efficacy in treating epi-
lepsy will likely be greater for noradrenergic drugs than those that
target the NPY system.

Although it is clear that noradrenergic agonists are anticon-
vulsant in many acute seizure paradigms, it is unclear how well
these drugs can protect animals with recurring seizures. Some
groups have shown that o2 adrenergic agonists delay the de-
velopment of amygdaloid kindling in rats but cannot decrease
seizure susceptibility in rats that have already been kindled
(Gellman et al., 1987), although other groups report an anti-
convulsant effect of adrenergic agonists on fully kindled rats
(Loscher and Czuczwar, 1987) and kittens (Shouse et al.,
1996). In addition, noradrenergic agonists have an anticonvul-
sant effect in animals that have a genetic susceptibility to
seizures (Chermat et al., 1981; Micheletti et al., 1987; Tsuda et
al., 1990; Yan et al., 1998). Some anticonvulsants that are used
in the clinic have been shown to increase central NE or require
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an intact noradrenergic system for their efficacy in animal
seizure models (Waller and Buterbaugh, 1985; Baf et al., 1994;
Krahl et al., 1998; our unpublished data). In addition, drugs
that decrease NE release exacerbate seizures in humans with
intractable focal epilepsy (Kirchberger et al., 1998), and epi-
leptic foci from patients with intractable partial epilepsy con-
tain decreased levels of adrenergic al receptors (Bricre et al.,
1986). We conclude that the possibility of using noradrenergic
drugs to treat epilepsy warrants further consideration.
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