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Neurobiology of Disease

Histaminergic Neurons Protect the Developing
Hippocampus from Kainic Acid-Induced Neuronal Damage
in an Organotypic Coculture System
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The central histaminergic neuron system inhibits epileptic seizures, which is suggested to occur mainly through histamine 1 (H, ) and
histamine 3 (H;) receptors. However, the importance of histaminergic neurons in seizure-induced cell damage is poorly known. In this
study, we used an organotypic coculture system and confocal microscopy to examine whether histaminergic neurons, which were verified
by immunohistochemistry, have any protective effect on kainic acid (KA)-induced neuronal damage in the developing hippocampus.
Fluoro-Jade B, a specific marker for degenerating neurons, indicated that, after the 12 h KA (5 um) treatment, neuronal damage was
significantly attenuated in the hippocampus cultured together with the posterior hypothalamic slice containing histaminergic neurons
[HI plus HY (POST)] when compared with the hippocampus cultured alone (HI) or with the anterior hypothalamus devoid of histamin-
ergic neurons. Moreover, a-fluoromethylhistidine, an inhibitor of histamine synthesis, eliminated the neuroprotective effect in KA-
treated HI plus HY (POST), and extracellularly applied histamine (1 nv to 100 um) significantly attenuated neuronal damage only at 1 nm
concentration in HI. After the 6 h KA treatment, spontaneous electrical activity registered in the CA1 subregion contained significantly
less burst activity in HI plus HY (POST) than in HI. Finally, in KA-treated slices, the H; receptor antagonist thioperamide enhanced the
neuroprotective effect of histaminergic neurons, whereas the H, receptor antagonists triprolidine and mepyramine dose-dependently
decreased the neuroprotection in HI plus HY (POST). Our results suggest that histaminergic neurons protect the developing hippocam-
pus from KA-induced neuronal damage, with regulation of neuronal survival being at least partly mediated through H, and H; receptors.
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Introduction

The central histaminergic neurons, located in the tuberomam-
millary nucleus in the posterior hypothalamus (Watanabe et al.,
1983; Panula et al., 1984), have widely distributed projections
throughout the brain regulating a broad range of physiological
functions such as sleep-wake cycle, energy and endocrine ho-
meostasis, and memory processes (Haas and Panula, 2003).

In different animal models of epileptic seizures, increased
brain histamine levels elevate seizure threshold and reduce sever-
ity and duration of seizures (Scherkl et al., 1991; Yokoyama et al.,
1992; Kamei, 2001; Yawata et al., 2004 ), whereas decreased hista-
mine levels have the opposite effect (Yokoyama et al., 1992).
Moreover, brain histamine levels are significantly lower in the
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genetically epilepsy-prone rats compared with normal rats (On-
odera et al., 1992; Midzyanovskaya et al., 2002), which is in ac-
cordance with the clinical study in which histamine concentra-
tion is decreased in the cerebrospinal fluid of children with febrile
convulsions compared with children without seizures (Kiviranta
etal., 1995).

Of the four histamine receptors, histamine 1 (H;) and hista-
mine 3 (H;) receptors are suggested to be of importance in de-
creasing seizure activity. In accordance, the first-generation H,
receptor antagonists have elicited epileptiform activity (Gerald
and Richter, 1976; Yokoyama et al., 1996; Kamei et al., 2000; Fujii
etal., 2003), controlling its occurrence in particular in the imma-
ture brain (Yokoyama, 2001). H; receptor antagonists, which
block the H; autoreceptor function, are suggested to decrease
seizure activity by increasing histamine release (Yokoyama et al.,
1993, 1994; Kamei, 2001; Zhang et al., 2003).

Organotypic hippocampal slice cultures are widely used as a
model to study neurobiological and pharmacological properties
of the hippocampus. In these cultures, synaptic organization, ex-
pression of receptors, and intrinsic hippocampal fiber pathways
are developed corresponding to their in vivo counterparts
(Frotscher et al., 1995; Holopainen and Lauren, 2003). The treat-
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ment of cultures with the glutamate receptor agonist kainic acid
(KA) leads to enhanced excitation and region-selective neuronal
death (Fisher and Alger, 1984; Bruce et al., 1995; Routbort et al.,
1999; Holopainen et al., 2001; Liu et al., 2001), which largely
correspond to that detected in the hippocampus of epileptic an-
imals in experimental conditions (Buckmaster and Dudek, 1997;
Lynch and Sutula, 2000; Zhang et al., 2002).

Although the inhibitory effect of histamine on seizures is well
documented, it is not known whether or not histaminergic neu-
rons have any protective effect in seizure-induced neuronal dam-
age in the immature brain. In the present study, we used an in
vitro model of enhanced excitation in which epileptiform activity
and neuronal damage was induced by KA. In addition to using
the conventional hippocampal organotypic slice culture system,
we set up an additional coculture method in which a hippocam-
pal slice was cultured together with a posterior hypothalamic slice
containing histaminergic neurons. The novel results of our study
indicate that histaminergic innervation can protect the pyramidal
CA3a/b neurons from KA-induced neuronal damage in the de-
veloping hippocampus, the neuroprotective effect being medi-
ated through H, and H; receptors.

Materials and Methods

Organotypic slice culture systems. Three different organotypic slice culture
systems were used in this study. The first culture system consisted of a
hippocampal slice, which was cultured alone (HI). In the second culture
system, a hippocampal slice was cultured together with a posterior hypo-
thalamic slice, which contains histaminergic neurons [HI plus HY
(POST)], and in the third culture system, a hippocampal slice was cul-
tured together with an anterior hypothalamic slice devoid of histamin-
ergic neurons [HI plus HY (ANT)].

Hippocampal and hypothalamic slice cultures were prepared from
postnatal day 4 (P4) Sprague-Dawley rats using the modified method of
Stoppini et al. (1991) as described in detail recently (Holopainen et al.,
2001). Briefly, hippocampi and hypothalami taken from different rats
were dissected, and placed immediately in cold Gey’s balanced salt solu-
tion (Invitrogen, Paisley, UK) supplemented with glucose (6.5 mg/ml).
Hippocampal slices (300 wm) were cut perpendicular to the septotem-
poral axis, and hypothalamic slices (300 wm) were cut vertically using a
Mcllwain tissue chopper. Based on our immunohistochemical studies
(data not shown), the first four to five slices of the posterior end of the
hypothalamus contained histaminergic neurons, and the subsequent
four slices, which were devoid of histaminergic neurons, were considered
as the anterior hypothalamic slices. Slices were placed on top of semiper-
meable membrane inserts (Millipore, Bedford, MA) in a six-well plate
containing 1.2 ml of culture medium (50% of minimum essential me-
dium, 25% HBSS, 25% heat-inactivated horse serum, 25 mm HEPES,
supplemented with GlutaMaxII, and 6.5 mg/ml glucose, pH adjusted to
7.2). All reagents for slice cultures were purchased from Invitrogen. In
cocultures, the fimbrial side of the hippocampal slice was placed in con-
tact with the lateral side of the hypothalamic slice (see Fig. 1). Slices were
cultured in an incubator (37°C, 5% CO,) for 7 d with medium change
twice per week. No antibiotics were used.

All treatments of animals were conducted in accordance with the
guidelines set by the European Community Council Directives 86/609/
EEC, and had the approval of the Animal Use and Care Committee of the
University of Turku. All efforts were made to minimize the pain, discom-
fort, and the number of experimental animals.

Pharmacological treatments of cultures. After 7 d in vitro, cultures were
treated with KA (5 uM; Sigma, St. Louis, MO) alone or together with the
other pharmacological compounds (see below) for 12 h. In all pharma-
cological treatments, slices from at least three different culture sets were
used. To study putative changes in histaminergic fiber density after KA
treatment in HI plus HY (POST) a subset of inserts was transferred to
new multiwell dishes containing normal, fresh culture medium, and fur-
ther cultured for 48 h before staining.

To find out an optimal concentration and time for the inhibition of

J. Neurosci., January 25, 2006 - 26(4):1088-1097 * 1089

histamine synthesis by a-fluoromethylhistidine (a-FMH), HI plus HY
(POST) was incubated with different concentrations of «-FMH (10 nm,
100 nM, and 1 pm; a kind gift from Dr. J. Kollonitsch, Merck Sharp and
Dohme Research Laboratories, Rahway, NJ) for 6, 12, and 24 h. In addi-
tion, to find out whether histamine, which disappeared from histamin-
ergic fibers after a-FMH treatment, would reappear in fibers during the
next 12 h (the length of KA treatment), a subset of cultures was further
incubated in normal medium for 12 h. Immunostaining with the anti-
histamine antibody (see below) was used to verify the location of hista-
mine in cell bodies and fibers. Fluoro-Jade B (FJB) staining (see below)
was performed to study whether or not KA-induced neuronal degener-
ation was changed in the absence of endogenous histamine in histamin-
ergic fibers innervating the hippocampus.

To study the effect of extracellularly applied histamine on neuronal
survival in HI, different concentrations of histamine (1 nm, 10 nMm, 100
nM, 1 uM, 10 uM, and 100 pm; Sigma) (n = 13-20 in each concentration)
were added to hippocampal slices after 7 d. After the 30 min incubation
with histamine, KA (5 um) was added and slices were further incubated
with both histamine and KA for 12 h.

The effect of the histamine H, and H; receptors on KA-induced neu-
ronal damage was studied in HI plus HY (POST), which was incubated
together with different concentrations of the H, receptor antagonists
triprolidine (2 nM, 20 nm, 200 nm, and 2 uM; n = 16-27 in each concen-
tration), and mepyramine (1 nm, 10 nM, 100 nM, and 1 uM; n = 13-16 in
each concentration). The significance of the H; receptor was studied by
treating HI plus HY (POST) with the H; receptor antagonists clobenpro-
pit (10nMm, 100 nm, 1 uM, and 5 um; n = 12—-16 in each concentration) and
thioperamide (1 nM, 10 nM, 100 nM, and 1 puM; n = 12-16 in each con-
centration). Thioperamide and clobenpropit were kind gifts from Drs.
H. Timmerman and R. Leurs (Vrije University, Amsterdam, The Neth-
erlands); all other compounds were from Sigma. KA (5 um) was added 30
min after the antagonists and cultures were further incubated for 12 h.
Neuronal degeneration was detected with FJB staining (see below).

Immunostaining. During the entire staining procedure, cultured slices
were attached to semipermeable membrane inserts and gentle rotation
was used in all steps to evenly distribute the reagents. Before immuno-
staining, slices were briefly washed with cold PBS (0.1 M, pH 7.2) followed
by fixation overnight at +4°C with a mixture containing 4% 1-ethyl-3(3-
dimethyl-aminopropyl)-carbodiimide (EDAC; Sigma) and 0.5% para-
formaldehyde (PFA; Sigma) in PBS. After fixation, slices were briefly
washed with PBS containing 0.25% Triton X-100 (PBS-T). To decrease
background staining, slices were preincubated with PBS-T containing
1% dimethylsulfoxide (DMSO) and 2% goat serum for 4—6 h, and briefly
washed with PBS-T. The antihistamine antibody (19C) (Panula et al.,
1990) was diluted (1:10,000) in PBS-T containing 1% goat serum and
slices were further incubated overnight at +4°C. After that, slices were
washed with PBS-T and incubated overnight at +4°C with the secondary
antibody Alexa 488 (Invitrogen) diluted (1:1000) in PBS. After washing
with PBS, semipermeable membranes with slices were cut from inserts,
transferred to gelatin-coated glass slides, coverslipped, and examined
with a confocal microscope (see below).

Fluoro-Jade B staining. FJB was used to study KA-induced neuronal
degeneration as described in detail recently by Holopainen et al. (2004).
This dye is an anionic tribasic fluorescent derivative with excitation peaks
at 362 and 390 nm, and an emission peak at 550 nm, and it stains degen-
erating neurons and their processes regardless of the mechanism by
which a nerve cell dies (Schmued and Hopkins, 2000). During the stain-
ing procedure, slices remained attached to the membrane, and gentle
rotation was used in all steps to evenly distribute the reagents. Slices were
fixed with 4% PFA for 1 h at room temperature, and then washed with
PBS and water. Thereafter, slices were transferred to 0.06% potassium
permanganate (KMnO,) for 2-3 min, washed with water, and trans-
ferred to 0.001% FJB solution for 30 min. Finally, slices were washed with
water, detached from membranes, transferred to gelatin-coated glass
slides, dried, immersed in xylene, coverslipped, and analyzed. Slices were
used for FJB staining as follows: HI not treated with KA (control, n = 12),
HI treated with KA (5 um) for 12 h (n = 33), HI plus HY (POST) treated
with KA for 12 h (n = 19), HI plus HY (ANT) treated with KA for 12 h
(n=19).
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Thionin staining. Slices were removed from
semipermeable membranes to gelatin-coated
glass slides and dried. For thionin staining,
slices (n = 8—12 in each treatment) were rehy-
drated, stained in 0.1% thionin for 15-20 s,
washed in water to remove excess color, dehy-
drated in alcohol series, cleared in xylene, and
coverslipped. An Olympus (Tokyo, Japan)
U-TV1 X digital camera was used to capture \
pictures using an Olympus BX60 microscope,
and pictures were further processed using
Adobe (San Jose, CA) Photoshop (version 6.0)
and Corel (Ottawa, Ontario, Canada) Draw
(version 9.0).

Confocal microscopy and verification of neuro-
nal damage. All specimens were examined with
a Leica (Heidelberg, Germany) TCS SP confo-
cal microscopy system equipped with an argon-
krypton laser (Omnichrome; Melles Griot, Carlsbad, CA). The laser
wavelength used for excitation of FJB and Alexa 488 was 488 nm, and the
emission detection window was 500—600 nm. Occasionally, the emission
detection settings were slightly changed for optimal performance. The
images were acquired at 1-2 um steps, and analyzed with Leica TCS
NT/SP Scanware (version 1.6.587) software. The most used algorithm
was maximum projection, which determines the maximum of all inten-
sity values in a stack of sections, and displays them in one single image.
Reconstruction of the images of the whole hippocampal slice and the
coculture were accomplished afterward from 1 mm? maximum projec-
tions using Adobe Photoshop. Because our preliminary experiments in-
dicated that KA treatment mainly damaged pyramidal neurons of the
CA3a/b region, we focused our additional studies on this specific region.
For our scoring analyses, the area of stained neurons (i.e., degenerating
neurons) was measured from maximum projections using ImageJ soft-
ware, which is freely available at http://rsb.info.nih.gov/ij. The following
scoring system was used to evaluate the extent of the damage: 0 = no
FJB-stained neurons (regarded as normal), 1 = 1-100 X 103 pm?, 2 =
101-200 X 103 um?,3 = 201-300 X 103 um? and 4 = >300 X 103 wm?>.

To further verify the results concerning the extent of neuronal damage,
we counted the FJB-stained neurons throughout the entire thickness of
the slice within the 250 um? area of the central part of the CA3a/b
pyramidal cell layer. For the counting, 10 slices were blindly selected from
three different groups: (1) control HI cultured in normal medium, (2) HI
with KA for 12 h, and (3) HI plus HY (POST) treated with KA for 12 h. In
each slice, pyramidal neurons were counted in confocal optical sections
of the 250 um? region with Adobe Photoshop using the following pro-
cedure. The FJB-stained neurons were counted from the first optical
section and marked with dots of one color (see
Fig. 4B). The second optical section was
opened, and the stained neurons were marked
with a different color. After that, the second op-
tical section was converted partly transparent in
Adobe Photoshop and those neurons that were
already counted in the first section were sub-
tracted from the number of neurons in the sec-
ond section. All optical images through the
z-axis were analyzed using the same procedure.
Finally, the number of FJB-stained degenerat-
ing neurons was summed up within the entire
three-dimensional area. Final modification of
pictures was accomplished in Corel Draw.

HPLC. To exclude the possibility that exter-
nal histamine in the culture medium could have
an effect on the survival of neurons, histamine
content was determined in both horse serum
and culture medium using HPLC equipped
with a fluorometric detector. Briefly, samples
were diluted in 10 vol of 2% perchloric acid and
centrifuged at 15,000 X gfor 15 min. Histamine
content was analyzed from the supernatants us-
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Representative images of histamine immunostaining in a coculture of the hippocampus and hypothalamus. 4,
Histaminergic neurons (arrows), which are located in the posterior hypothalamic slice, distribute their neurites all over in Hi plus
HY (POST) (7 d in vitro). B, No histamine immunopositive staining was detected in HI plus HY (ANT). Different subregions of the
hippocampus CA3a/b, CA1, and dentate gyrus are indicated. Scale bars, 500 um. DG, Dentate gyrus.

ing HPLC with postcolumn derivatization and fluorometric detection
according to the method of Yamatodani et al. (1985). The detection limit
was 10 pmol/g of the original sample.

Electrophysiological recording of spontaneous activity. To study KA-
induced changes in spontaneous neuronal activity, which could modify
to the neuroprotective effect of histaminergic neurons, HI and HI plus
HY (POST) were cultured for 7 d and then incubated with 5 um KA for
6 h. Our preliminary experiments indicated that the 6 h treatment time
was optimal to detect functional changes without any obvious damage in
hippocampal CA3 neurons. Control HI had no KA treatment. After the
incubation, an insert with a slice was briefly washed and thereafter trans-
ferred to a dish containing an artificial CSF (aCSF) with the following
composition (in mm): 124.0 NaCl, 26.0 NaHCOs, 10.0 p-glucose, 4.5
KCl, 1.2 NaH,PO,, 1.5 MgCl,, and 2.0 CaCl,. After equilibration (35°C,
maximum 1 h), the slice was transferred to the recording chamber (ca-
pacity, 6 ml) mounted to a Leica DM IRB microscope. Slices were super-
fused with oxygenated (95% O, and 5% CO,) aCSF during the entire
experiment at a flow rate of 2 ml/min (30-32°C). Before electrophysio-
logical recordings, slices were examined with the microscope, and slices
showing any signs of degeneration or damage (i.e., decrease in transpar-
ency or damage caused by handling) were excluded from the study.

Extracellular field recordings were performed in the CA1 pyramidal
layer with glass capillary microelectrodes (<5 M(2), which were pulled
with a micropipette puller (Flaming Brown P87; Sutter Instruments,
Novato, CA) and filled with 150 mm NaCl. After placement of the elec-
trode in the CA1 pyramidal cell layer, the slice was left to stabilize for at
least 10 min. Thereafter, spontaneous extracellular activity was recorded
for 20 min. Signals were recorded using an Axoclamp-2B amplifier

CA3afb- "

Representative images showing the histaminergicinnervation in the CA3a/b subregion of the hippocampus. 4, In HI
plus HY (POST) (9 d in vitro), histaminergic fibers grew to the hippocampal slice. B, HI plus HY (POST) (7 d in vitro) was treated with
KA (5 pm) for 12 h and, after the medium change, further cultured for 48 h. Note that the density of fluorescent, histamine-
containing fibers in the CA3a/b region did not differ in these different experimental conditions. Scale bars, 100 pm.
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Figure 3.

(Molecular Devices, Union City, CA), and data was stored and analyzed
using the pClamp software. Digitization was performed using the 12 bit
A/D interface Digidata 1200 (Molecular Devices). Field recordings were
analyzed offline with the Mini Analysis Program (Synaptosoft, Decatur,
GA). The threshold for the automatic detection of fast field potential
events was set at three times the baseline noise, and the detected events
were also verified visually. For additional quantification of the activity,
the data were arbitrarily divided into two categories (cf. Traub et al.,
1996): (1) “interictal-type” positive discharges with an interevent inter-
vallonger than 35, and (2) “ictal-type” synchronous bursts comprising of
>10 discharges, having an interevent interval <1 s and lasting >3 s.

In KA-treated HI, we were able to detect spontaneous ictal-type burst
activity in 10 of 16 slices, and in HI plus HY (POST), in 10 of 12 slices. In
contrast, in control HI slices (no KA-treatment) almost solely interictal-
type spontaneous activity was detected. In only two of eight control HI
slices, one single burst was detected in each slice. These recordings were
excluded from the final statistical analysis, because they clearly repre-
sented exceptional activity for a control slice.

Statistical methods. The overall group differences in score and neuron

Representative confocal images of KA-induced neuronal degeneration in the hippocampal slices cultured for 7 d
alone, or together with the posterior or anterior hypothalamic slice. 4, A representative image of control HI (no KA treatment)
shows no FJB-stained neurons. B, Hl was treated with KA (5 wm) for 12 h. Note the extensive staining of pyramidal neuronsin the
CA3a/b region. €, Hi plus HY (POST) (7 d in vitro) was treated with KA (5 wm) for 12 h. The area of FJB-stained, degenerating
neurons in the Ca3a/b region is smaller when compared with Figure 3B. D, Hl plus HY (ANT) (7 d in vitro) was treated with KA (5
um) for 12 h. No clear decrease in neuronal damage is seen in the CA3a/b region when compared with Figure 3B. E, According to
our scoring system, KA-induced neuronal damage was significantly decreased in the CA3a/b region of HI plus HY (POST), whereas
no significant decrease was detected in HI plus HY (ANT) compared with KA-treated HI. The results are given as means == SEM. co,
Control (not KA treated); DG, dentate gyrus. ***Significant difference of p << 0.001 (one-way ANOVA). Scale bars, 500 m.
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numbers after the FJB staining were assessed
with one-way ANOVA with Tukey—Kramer
multiple comparison test as a post hoc test. In
the electrophysiological recordings, the statisti-
cal significance between HI and HI plus HY
(POST) groups was determined using nonpara-
metric Mann—Whitney test. Prism 4.0 program
(GraphPad Software, San Diego, CA) was used
in all statistical analyses, and the level of signif-
icance was set at p << 0.05. Data are presented as
means * SEM.

Results

Distribution of histaminergic fibers and
neuroprotection in the coculture system
This study was designed to examine the
effect of histaminergic neurons on KA-
induced neuronal damage in the imma-
ture hippocampus. For this purpose, we
set up organotypic coculture systems, HI
plus HY (POST) and HI plus HY (ANT).
The HPLC results confirmed that no de-
tectable levels of histamine were present in
either horse serum or in culture medium,
indicating that all histamine effecting the
hippocampus was released from the hista-
minergic neurons located in the posterior
hypothalamus. After 7 d in vitro, immu-
nostainings with the antihistamine anti-
body in HI plus HY (POST) showed that
histaminergic neurons survived well in the
posterior hypothalamic slice, and hista-
minergic fibers grew into the hippocampal
slice, densely innervating the whole hip-
pocampal slice in a diffuse manner (Fig.
1A). In HI plus HY (ANT) no histamine
staining was detected (Fig. 1 B). Based on
the visual estimation, the density of hista-
minergic innervation in HI plus HY
(POST) did not change after the 12 h KA
treatment combined with the 48 h recov-
ery period in the normal culture medium
compared with HI plus HY (POST) with-
out KA treatment (Fig. 2).

In the study of neuronal damage, no
FJB-stained neurons were detected in con-
trol HI cultured 7 d in the normal me-
dium, indicating a good viability of slices in the culture system
(Fig. 3A), whereas 12 h KA (5 um) treatment resulted in neuronal
damage in HI (Fig. 3B), the highest amount of degenerating neu-
rons being in the CA3a/b subregion. The area of FJB-stained
neurons was significantly reduced in HI plus HY (POST) when
compared with the KA-treated HI (Fig. 3C,E). In HI plus HY
(ANT) the amount of FJB-stained neurons did not differ from
KA-treated HI (Fig. 3D, E).

Because the CA3a/b pyramidal neurons in immature hip-
pocampal slices turned out to have high sensitivity to KA excito-
toxicity (Ben-Ari and Cossart, 2000), the extent of damage was
further studied focusing on this specific area. In accordance with
the scoring results, the number of FJB-stained neurons in the 250
wm? area of the CA3a/b region was significantly decreased in
KA-treated HI plus HY (POST) (17 = 4, mean = SEM) when
compared with KA-treated HI (74 * 7, mean *+ SEM) (Fig. 4).

The conventional thionin staining was used to verify that the
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Figure4. The number of FJB-stained, degenerating neurons in the CA3a/b region after the
KA treatment. A, Hland Hl plus HY (POST) (7 d in vitro) were treated with KA (5 wum) for 12h, and
FJB-stained, degenerating neurons were counted in a 250 jum * area of the CA3a/b region. A
significant decrease was detected in the number of FJB-stained neurons in HI plus HY (POST)
compared with HI. Control HI were cultured in normal culture medium and not treated with KA.
***Gignificant difference of p < 0.001 (one-way ANOVA). co, Control (not KA treated). B, A
representative confocal image of a single 250 1um ? optical section of the CA3a/b region in HI (7
d in vitro), which was treated with KA for 12 h. Counted cells at this level are marked with the
white dots. The results are given as means = SEM. Scale bar, 100 pum.

Table 1. The electrophysiological characteristics of spontaneous activity in kainic
acid-treated slices

Interburst Amplitude of
Type of culture n Frequency of bursts (Hz) interval (s) discharges (V)
HI 10 0.024 £ 0.0027*** 4% 142+ 14
HI + HY (POST) 10 0.003 = 0.0003 17 £33 140 = 13

The significant differences between the experimental groups are ***p << 0.001 and **p < 0.01.

decrease in neuronal degeneration as detected by FJB-staining in
HI plus HY (POST) was not attributable to the disappearance of
CA3a/b neurons after the 12 h KA treatment. In the control and
KA-treated HI, as well in HI plus HY (POST), the CA3a/b region
appeared normal with well preserved cell layer integrity (Fig. 5A—
C). The results of thionin staining also verified that the FJB stain-
ing indicates those neurons that are dam-

aged, and according to Schmued et al. ‘ A Hi(co, 7DIV)
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seen and the activity mainly consisted of interictal-type dis-
charges (Fig. 6C). The occurrence of KA-induced spontaneous
burst activity was significantly ( p < 0.001) lower in HI plus HY
(POST) when compared with HI (Table 1, Fig. 6 D). Moreover,
the interburst intervals were significantly ( p < 0.01) longer in HI
plus HY (POST) compared with HI, indicating the different
bursting pattern in these two culture types (Table 1). The dis-
charge amplitudes did not significantly differ between the HI and
HI plus HY (POST) groups (Table 1).

The effect of histamine content on neuronal damage

a-FMH, which is a well known inhibitor of histamine synthesis,
was used to further verify that histamine released from the hista-
minergic neurons was responsible for the improved survival of
hippocampal CA3a/b neurons during KA treatment. No inhibi-
tion of histamine synthesis was detected after either 6 or 12 h at
any tested a-FMH concentrations (10 nMm, 100 nM, and 1 um)
(Fig. 7A). However, 100 nm and 1 um a-FMH concentrations
combined with a long treatment (24 h) lead to practically total
disappearance of histamine-labeled fibers within the hypothala-
mus and hippocampus (Fig. 7 B, C), but the cell bodies and prox-
imal processes of histaminergic neurons remained positively la-
beled (Fig. 7C). The duration of the a-FMH blocking effect in
histamine synthesis was further studied in experiments in which
cocultures were cultured in normal medium for 12 h (recovery
phase) after the initial a-FMH treatment (100 nm; 24 h). The 12h
recovery phase did not lead to the reappearance of histamine-
positive fibers in cultured posterior hypothalamic slices. This
confirmed that histamine will not reappear in histaminergic fi-
bers during the 12 h KA treatment. The scoring analysis of FJB-
stained neurons showed that neuronal damage significantly in-
creased in HI plus HY (POST) treated with o-FMH (100 nwm;
24 h) and followed by KA (5 um; 12 h) when compared with HI
plus HY (POST) without a-FMH treatment (Fig. 7D). To study

‘jB HI (KA, 12 h)

(1997), in the process of dying, but not yet
disappeared. However, after the 48 h KA (5
M) treatment with the 48 h recovery pe-
riod, thionin staining showed that in HI
plus HY (POST) neurons were more pro-
tected in the CA3a/b region than in HI
with the same treatment (Fig. 5D-F).

‘ | C HI+HY, POST (KA, 12 h)
' e

e

Spontaneous activity in control, KA-
treated HI and HI plus HY (POST) slices

To further elucidate the mechanisms be-
hind the neuroprotective effect of hista-
minergic neurons, spontaneous electrical
activity was recorded in HI slices cultured
in normal medium, and in KA-treated HI
and HI plus HY (POST). The main char-
acteristics of the spontaneous activity in
the KA-treated HI and HI plus HY (POST)
slices are given in Table 1. In control slices,
typically only infrequent spontaneous ac-
tivity was seen (Fig. 6A). On the contrary,
in HI slices treated with 5 um KA, the
spontaneous activity was characterized by
frequent ictal-type bursting (Fig. 6 B). In-
terestingly, in HI plus HY (POST) slices,
only occasional ictal-type bursts could be

Figure 5.

Representative images of thionin-stained cultures of HI, HI plus HY (POST), and Hl plus HY (ANT). 4, The control (co)
Hl cultured for 7 d in normal medium. B, Hl was treated with KA (5 ) for 12 h. No decrease in neuronal density was detected. C,
HI plus HY (POST) treated with KA for 12 h. This figure corroborates that decrease in FJB-stained neurons in the coculture with
histaminergic neurons (Figs. 3, 4) is not caused by the decrease in neuronal density in the CA3a/b area. D, The control H cultured
for 11 din normal medium. E, Hl was treated with KA (5 wum) for 48 h and followed by a 48 h recovery period in the normal culture
medium. Note that pyramidal neurons have disappeared in the CA3a/b region (arrows). F, HI plus HY (POST) treated with KA (5
um) for 48 h followed by a 48 h recovery period in the normal medium. CA3a/b and CA3¢ pyramidal neurons are clearly better
preserved in F than in E (arrows). Scale bar: (in A) A—F, 500 pm.
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Figure 6.  Spontaneous electrical activity recorded in the CA1 region of cultured hippocampal slices. A, A representative
recordingina control hippocampalslice, HI (o). A sample trace showing a 10 min recording of spontaneous activity is shown (top).
The bottom shows an expanded time scale trace taken from the same recording from the time interval indicated. B, Spontaneous
activity after the 6 h KA treatment in HI shows intense ictal-type bursting. A 10 min sample recording is shown (top). Expanded
time scales show the typical abrupt onset of the burst followed by repetitious positive discharges (middle, bottom). C, In Hl plus HY
(POST), only occasional bursts were detected, whereas inter-ictal type activity occurred frequently. The top shows a 10 min sample
recording. The middle and bottom show an expanded time scale showing a typical isolated positive discharge. D, The mean
(==SEM) number of KA-induced bursts/min during the 20 min recording period was significantly (***p < 0.001) lower in HI plus
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Discussion

The main novel finding of this study is that
histaminergic neurons decreased KA-
induced neuronal damage in the pyrami-
dal CA3a/b region of the immature hip-
pocampus in vitro. The neuroprotective
effect was not detected either in HI plus
HY (ANT) or when histamine synthesis
was inhibited by a-FMH in HI plus HY
(POST), suggesting a specific role for his-
tamine rather than for other substances
present in tuberomammillary neurons.
Moreover, the H; receptor antagonist
thioperamide further increased, and the
H, receptor antagonists triprolidine and
mepyramine decreased the neuroprotec-
tive effect of histaminergic neurons, sug-
gesting that the neuroprotective effect may
at least partly be mediated through H, and
Hj; receptors.

Neuronal degeneration in the
hippocampus cultured together with the
posterior hypothalamus

The inhibitory effect of the histaminergic
neuron system on seizures has been as-
signed in several studies (Scherkl et al.,
1991; Yokoyama et al., 1992; Kamei, 2001;
Yawata et al., 2004), but a possible neuro-
protective effect of histaminergic neurons
has attained less attention. In our study,
the coculture system serves as an excellent
model to study the effect of histaminergic
neurons on neuronal damage in the hip-
pocampus. We show that histaminergic

HY (POST) compared with Hl.

whether extracellularly applied histamine produces the neuro-
protective effect detected in HI plus HY (POST), hippocampal
slices were cultured alone and treated with KA (5 uMm; 12 h) to-
gether with different concentrations of histamine (from 1 nm to
100 um). At 1 nm histamine, the amount of FJB-stained neurons
significantly decreased, whereas at 10 nm to 100 uM histamine
concentrations, the neuroprotective effect of histamine dose-
dependently attenuated in the CA3a/b region (Fig. 8).

The significance of H, and Hj, receptors in

the neuroprotection

The histamine receptor subtypes involved in the detected neuro-
protective effect were studied using specific antagonists for H,
and Hj, receptors in HI plus HY (POST). The H, receptor antag-
onists triprolidine (2 nm to 2 um) (Fig. 9A) and mepyramine (1
nM to 1 um) (Fig. 9B) dose-dependently decreased the neuropro-
tection, this effect being significant at low micromolar concen-
trations of triprolidine (2 uM) and mepyramine (1 um). The H;
receptor-specific antagonist thioperamide (1 nm tol uM) signif-
icantly increased the neuroprotective effect at 1 um concentra-
tion in HI plus HY (POST) (Fig. 10A), whereas clobenpropit (10
nM to 5 uM) had no significant effect at any concentration (Fig.
10B).

neurons abundantly innervated the nearby

situated hippocampus in the in vitro con-

ditions, and as shown previously, they also

seem to preserve their main morphologi-
cal and physiological characteristics in culture conditions
(Diewald et al., 1997). In our previous study, KA treatment has
resulted in region-selective, irreversible necrotic damage in
CA3a/b neurons in immature hippocampal slices prepared from
P6-7 rats (Holopainen et al., 2001, 2004). According to our
present novel findings, this KA-induced neuronal damage in the
CA3a/b region was significantly ameliorated in the presence of
histaminergic neurons. However, this neuroprotective effect was
not related to an increase in density of histaminergic fibers.

FJ dyes have turned out to be useful tools in determining
neuronal damage after different neurotoxic insults (Schmued et
al., 1997; Schmued and Hopkins, 2000). This staining has been
shown to be more sensitive than hematoxylin and eosin or Nissl-
type staining, with its sensitivity being comparable with sup-
pressed silver techniques (Schmued et al., 1997). Although the
exact staining mechanism is not known, this method is consid-
ered to be reliable in detecting neuronal damage. However, one
should keep in mind that FJB can be only used at the early stages
of neuronal degeneration when neurons are damaged, and in the
process of dying. In our study, the conventional thionin staining
did not show neuronal loss after the 12 h insult, indicating that
the damaged pyramidal neurons were not yet disappeared. How-
ever, after the 48 h KA treatment and the recovery period, disap-
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Figure7. Histamine immunostaining and neuronal damage after the o-FMH treatment. 4,

HI plus HY (POST) was treated with 10 nm c-FMH for 24 h. Histaminergic innervation was very
dense within the hippocampal CA3a/b subregion in Hl plus HY (POST). B, Histaminergic inner-
vation has almost totally disappeared in the CA3a/b region in Hl plus HY (POST) after treatment
with 100 nm ce-FMH for 24 h. €, In Hi plus HY (POST), histamine-immunopositive cell bodies and
proximal processes in the hypothalamus after 100 nm ce-FMH-treatment for 24 h. D, The statis-
tical analyses show that KA-induced (5 wm; 12 h) neuronal damage is significantly increased
(***p < 0.001; one-way ANOVA) in ce-FMH-treated (100 nm; 24 h) HI plus HY (POST) compared
with HI plus HY (POST) without ce-FMH treatment. The results are given as means = SEM. Scale
bars: A-C, 100 pm.
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Figure 8.  The effect of extracellularly applied histamine on neuronal degeneration in the

hippocampal CA3a/b region. HI (7 d in vitro) was treated with KA (5 wum, 12 h) together with
different histamine concentrations. Low histamine concentration (1 nw) significantly (**p <
0.01; one-way ANOVA) decreased neuronal degeneration in the CA3a/b region compared with
HI, which was treated with KA without any added histamine (HI). At higher histamine concen-
trations (10 nm-100 um), the amount of FJB-stained neurons increased dose-dependently but
did not significantly exceed the extend of damage seen in Hl treated with KA. The results are
given as means = SEM.

pearance of neurons in CA3a/b region was clearly detected in HI,
whereas in HI plus HY (POST) the CA3a/b region was better
preserved.

In addition to histamine released from histaminergic neurons,
additional neuroprotective factors present in horse serum or hy-
pothalamic slice might have contributed to enhanced neuronal
survival during KA treatment. In fact, excitotoxic neuronal dam-
age has been ameliorated by different neurotrophic factors
(Mattson et al., 1993; Culmsee et al., 1999; Cheng et al., 2004). In
our culture system, however, the possible protective effect of
serum-derived factors would have had similar effect on HI, HI
plus HY (POST), and HI plus HY (ANT). The possibility that
some other neuroprotective compounds were released from the
posterior hypothalamic slice remains unclarified. However, the
fact that a-FMH treatment resulted in disappearance of hista-
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Figure9. The effect of H, receptor antagonists triprolidine and mepyramine on KA-induced
neuronal damage in the CA3a/b region. A, HI plus HY (POST) was treated with KA (5 um)
together with different concentrations (2 nmto 2 um) of H, receptor antagonist triprolidine for
12 h. Triprolidine treatment increased KA-induced neuronal degeneration dose-dependently in
the CA3a/b area in HI plus HY (POST) compared with HI plus HY (POST) without triprolidine
treatment. The significant increase in neuronal damage was detected ata 2 M concentration
of triprolidine. B, Hl plus HY (POST) was treated with KA (5 ) together with different concen-
trations (1nmto 1 um) of H, receptor antagonist mepyramine for 12 h. Mepyramine increased
dose-dependently KA-induced neuronal degeneration in the CA3a/b area in Hl plus HY (POST)
compared with HI plus HY (POST) without mepyramine. The significant increase in neuronal
damage was detected at a 1 um concentration of mepyramine. The results are given as
means == SEM. *Significant difference of p << 0.05 (one-way ANOVA).

mine from histaminergic fibers, and enhanced KA-induced neu-
ronal damage in the coculture together with the effects of the H,
and Hj receptors antagonists support the idea that the neuropro-
tective effect was mediated by histamine.

Tuberomammillary neurons themselves contain also other
neuroprotective compounds (e.g., GABA and galanin) (Airaksi-
nen et al., 1992; Kukko-Lukjanov and Panula, 2003). Thus, his-
tamine released either alone or coreleased together with other
neurotransmitters may have a different effect on degenerating
neurons. Based on the fact that GABA is the well documented
main inhibitory neurotransmitter in epilepsy (Sperk et al., 2004),
and galanin is a neuropeptide, which has an inhibitory role in
epileptic seizures (Mazarati et al., 2000; Kokaia et al., 2001), the
neuroprotective effect might be more pronounced in the case of
histamine coreleased with GABA and/or galanin than when his-
tamine is released alone. The physiological significance of the
GABA and galanin colocalization in the histaminergic neurons is
not known, but it might have an important role in extreme phys-
iological conditions such as epileptic seizures.

Mechanisms of histamine-mediated neuroprotective effect
In KA-treated HI plus HY (POST), burst activity in the CAl
region was significantly lower when compared with HI. This sug-
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Figure 10. The effect of H, receptor antagonists thioperamide and clobenpropit on KA-
induced neuronal damage in HI plus HY (POST). A, Thioperamide significantly (*p << 0.05;
one-way ANOVA) decreased the amount of FJB-stained neurons in the CA3a/b area in Hi plus HY
(POST) ata 1 um concentration compared with Hi plus HY (POST) treated with KA (5 wm; 12 h).
B, The H, receptor antagonist clobenpropit did not change the amount of FJB-stained neurons
inthe CA3a/b area at any concentration. The results are given as means == SEM.

gests that histaminergic innervation attenuates KA-induced in-
creased excitatory activity, and could thus ameliorate excitotoxic
nerve cell damage at least partly through this mechanism. The
idea is well in line with the results showing tight correlation
between the increased spontaneous network activity and neu-
ronal degeneration in the CA1 area in glutamate-treated orga-
notypic hippocampal slices (Lahtinen et al., 2001). Moreover,
increased NMDA receptor activity leading to excess of calcium
ions in intracellular compartments is suggested to be the main
contributor for the activation of cascades leading to neuronal
death (Arundine and Tymianski, 2003). However, current
epileptic drugs that are designed to decrease excitation or in-
crease inhibition have shown only mild-to-moderate neuro-
protective effect in epilepsy (Pitkanen, 2002). The histamin-
ergic neuron system, which regulates the activity of many
brain areas, could be a promising target for development of
new antiepileptic drugs.

a-FMH treatment has increased ischemic neuronal dam-
age, this effect being mediated through H, and H; receptors
(Adachi et al., 1993). The H; receptor acts as an autoreceptor
regulating histamine synthesis and release (Arrang et al., 1983;
Takeshita et al., 1998; Torrent et al., 2005), and through its
heteroreceptor it may inhibit release of other neurotransmit-
ters (e.g., glutamate and GABA) (Brown and Haas, 1999; Ko-
rotkova et al., 2002). In our study, thioperamide increased the
neuroprotective effect of histaminergic neurons, whereas clo-
benpropit did not have any effect. The reason for this differ-
ence might be in their binding mechanisms, interaction with
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different H; receptor subtypes, or in receptor coupling (West
etal., 1990; Clark and Hill, 1995). Indeed, systemic KA induces
isoform-specific H; receptor mRNA expression in the hip-
pocampus of adult rats (Lintunen et al., 2005). Moreover,
difference in the regulation of GABA release might be one
explanation, because thioperamide seems to increase release
of GABA whereas clobenpropit has no effect (Yamamoto etal.,
1997). Finally, the lack of detectable neuroprotective effect of
clobenpropit might be attributable to the fact that when it
blocks the autoreceptor function, an increase in histamine
release ameliorates neuronal damage, whereas the blockade of
its heteroreceptor function increases glutamate release, which
enhances neuronal damage.

In the immature brain, the classical antihistamines cause
seizures even when administered in clinically relevant doses
(Yokoyama et al., 1993; Yokoyama, 2001). The H, receptor
antagonists, which now dose-dependently abolished the neu-
roprotective effect of histaminergic neurons, could enhance
NMDA receptor-mediated neuronal death by increasing cal-
cium influx and oxygen radical formation in cultured cerebel-
lar neurons (Diaz-Trelles et al., 2000). On the other hand, the
H, receptor antagonist mepyramine has abolished the
histamine-induced increase in firing frequency in GABAergic
neurons of the substantia nigra (Korotkova et al., 2002). In
accordance, the H, receptor mediates the decrease in
5-hydroksytryptamine release indirectly through GABAergic
neurons (Son et al., 2001). Both the NMDA and GABA,
receptor-mediated mechanisms could be involved in the neu-
rotoxic effects of H, receptor antagonists, although additional
studies are needed to clarify the mechanisms involved.

Histamine, when added to the culture medium, significantly
attenuated the KA-induced neuronal damage in the CA3a/b re-
gion at a low (1 nM) concentration. Interestingly, its neuropro-
tective effect dose-dependently decreased at higher concentra-
tions. The reason for this strict concentration-dependent effect
could be attributable to the fact that, when present at high con-
centrations, histamine also binds to NMDA receptors, enhancing
receptor-mediated excitatory synaptic currents (Bekkers, 1993;
Brown et al., 1995), which may contribute to excitotoxic neuro-
nal damage. In accordance with this idea, NMDA receptor-
mediated excitotoxic damage has been augmented in hippocam-
pal neurons cultured together with either histamine (30 um), or
with mast cells, which contain high histamine levels (Skaper et al.,
2001). Moreover, the application of histamine (100 M) to brain
slices containing striatal neurons has resulted in a concentration-
dependent, NMDA receptor-mediated neuronal swelling, ulti-
mately leading to H, receptor-mediated neuronal death (Colwell
and Levine, 1997). Although the exact intracellular mechanisms
mediating the neurotoxic effect of high histamine concentrations
are poorly known, the effects mediated through NMDA receptors
could be of importance, because the normal NMDA receptor
function is of crucial importance for neuronal survival in the
immature hippocampus (Gould et al., 1994; Katz and Shatz,
1996; Ben-Ari, 2001; Manent et al., 2005), and any disturbances
may enhance neuronal damage.

The results of our present study indicate that histamine re-
leased from histaminergic neurons ameliorates the KA-induced
CA3 pyramidal cell damage. The effect seems to be mediated
through H, and H; receptors, although the contribution of other
neurotransmitters coreleased with histamine from histaminergic
fibers cannot be exclusively ruled out. Our present results suggest
that the coculture method used serves as an excellent tool to study
the factors regulating neuronal survival of the immature hip-
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pocampus in response to neurotoxic compounds in a well con-
trolled environment.
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