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Altered histamine H; receptor radioligand binding
in post-mortem brain samples from subjects with
psychiatric diseases

CY Jin'?, O Anichtchik"** and P Panula'?

'Department of Biology, Abo Akademi University, Biocity, Turku, Finland, *Neuroscience Center, Institute of Biomedicine/
Anatomy, Biomedicum Helsinki, University of Helsinki, Helsinki, Finland

Background and purpose: Histamine is a modulatory neurotransmitter in the brain. Auto- and hetero-histamine H; receptors
are present in human brain and are potential targets of antipsychotics. These receptors may also display disease-related
abnormalities in psychiatric disorders. Here we have assessed how histamine H; receptors in human brain may be affected in
schizophrenia, bipolar disorder, major depression.

Experimental approach: Histamine H; receptor radioligand binding assays were applied to frozen post-mortem prefrontal and
temporal cortical sections and anterior hippocampal sections from subjects with schizophrenia, bipolar disorder, major
depression and matched controls.

Key results: Compared with the controls, increased Hs receptor radioligand binding was found in dorsolateral prefrontal
cortex of schizophrenic subjects (especially the ones who were treated with atypical antipsychotics), and bipolar subjects with
psychotic symptoms. No differences in H; receptor radioligand binding were found in the temporal cortex. In hippocampal
formation of control subjects, H; receptor radioligand binding was prominent in dentate gyrus, subiculum, entorhinal cortex
and parasubiculum. Decreased Hs binding was found in the CA4 area of bipolar subjects. Decreased Hs; binding in CA2 and
presubiculum of medication-free bipolar subjects was also seen.

Conclusions and implications: The results suggest that histamine Hs receptors in the prefrontal cortex take part in the
modulation of cognition, which is impaired in schizophrenic subjects and bipolar subjects with psychotic symptoms. Histamine
Hs receptors probably regulate connections between hippocampus and various cortical and subcortical regions and could also
be involved in the neuropathology of schizophrenia and bipolar disorder.
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Introduction four types of G protein-coupled histamine receptors (H;, H,,

H; and H, receptors; nomenclature follows Alexander et al.,

The neurotransmitter histamine regulates several brain func-
tions including cognition and emotions (Frisch et al., 1998;
Yanai ef al., 1998; Bacciottini et al., 2001; Haas and Panula,
2003). The histaminergic neurons are located exclusively in
the tuberomamillary nucleus of the posterior hypothalamus
and send projections to almost all parts of the brain. So far,
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2008) have been identified, and all have been found in the
brain.

Rodents exposed to stressful situations show abnormally
high histamine turnover rates in the brain (Taylor and Snyder,
1971; Kobayashi and Kopin, 1974; Mazurkiewickz-Kwilecki,
1979; Mazurkiewickz-Kwilecki and Prell, 1986; Yoshitomi
et al., 1986), whereas several anxiolytic drugs decrease this
rate (Oishi et al., 1986; 1992; Chikai et al., 1993). On the other
hand, drugs that enhance histamine release, either from the
histaminergic neurons or from mast cells, induce anxiety-like
behaviour in mice (Yuzurihara et al., 2000; Ikarashi and
Yuzurihara, 2002). Moreover, a lesion of one of the tubero-
mamillary subregions has anxiolytic-like effects in rats (Frisch
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etal.,, 1998). Studies using different histamine receptor
ligands suggest that the anxiogenic-like effect of histamine is
mediated by the H, receptor, whereas H, receptor activation
reduces anxiety-like behaviour and fear (Yuzurihara etal.,
2000; Malmberg-Aiello et al., 2002; Santos et al., 2003). Fur-
thermore, activation of H; receptors might have antidepres-
sant effects (Pérez-Garcia et al., 1999).

Both H, and H; receptors seem to take part in the histamin-
ergic modulation of learning and memory (Orsetti et al.,
2001; Cangioli et al., 2002; Chen and Shen, 2002). However,
the mechanisms are still unclear. It is suggested that the
interaction of the histaminergic system with other neu-
rotransmitter systems, most prominently the cholinergic and,
to a lesser extent, the dopaminergic systems might be parts of
the machinery for cognitive modulation (Ghi et al., 2001; Eidi
et al., 2003; Faganello et al., 2003).

Several reports suggest an altered neuronal histaminergic
system in the schizophrenic patients and/or beneficial clinical
effects of histamine receptor ligands, but the exact role of
histamine is still poorly understood in psychiatric diseases
(Kaminsky et al., 1990; Nakai et al., 1991; Deutsch et al., 1993;
Martinez-Mir et al., 1993; Oyewumi et al., 1994; Prell et al.,
1995; Rosse et al., 1995; 1996). The materials selected by the
Stanley Foundation provide an opportunity to examine the
potential changes of histamine receptor expression in three
major psychiatric disorders: schizophrenia, bipolar disorder
and major depression. In particular, we focused on the pos-
sible alterations of Hs receptor ligand binding in post-mortem
brain samples from these subjects, because H; receptors are
involved in regulation of neurotransmitter release in cortical
areas and they are a promising target for drug development in
cognitive disorders (Passani et al., 2004).

Methods

Post-mortem samples

The samples in the Stanley Foundation have been collected
from designated medical examiners in the USA with the per-
mission of the families. A permit for the work on post-mortem
human brain samples was obtained from the Office of Medi-
colegal Affairs. Post-mortem samples obtained from the
Stanley Foundation Neuropathology Consortium (Bethesda,
MD, USA) consisted of four matched groups of 15 samples
each: schizophrenia, bipolar disorder, depression and normal
controls. The samples covered three brain areas: lateral dorsal
prefrontal cortex (Brodmann’s areas 9 and 46), superior tem-
poral cortex (superior temporal gyrus that includes Brod-
mann’s area 22) and anterior hippocampus. Three sets of
fresh-frozen sections (14 um thick) from these areas were
obtained for each subject except for two sets of temporal
cortex sections missing [one untreated schizophrenic subject,
one bipolar subject treated with tricyclic antidepressants
(TCA)]. The sections were stored at —70°C until use.

The demographic and clinical data and storage characteris-
tics of all cases have been previously described (Dowlatshahi
et al., 1999; Jarskog et al., 2000; Torrey et al., 2000; Knable
et al., 2001). Therefore, these data are not provided here in
detail except for diagnosis, medication, side of brain and
cause of death (Table 1). Shortly, the samples were matched
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for sex (nine men and six women for each group), age (25-68
years), ethnicity, side of brain, brain pH (6.20 * 0.03) and
post-mortem interval (29.4 *= 13.4 h). There were no signifi-
cant differences between the four groups in these parameters.

All 60 subjects were treated simultaneously for each of the
three binding experiments (H; receptor radioligand binding
in frontal cortex, temporal cortex and hippocampal forma-
tion) to avoid inter-assay variations.

H; receptor radioligand binding

Slides were equilibrated to room temperature and dried for
45 min, then incubated at room temperature for 45 min in
150 mmol-L' Na/K phosphate buffer (pH 7.4) containing
100 umol-L™" dithiothreitol (DTT), 2 mmol-L"' MgCl, and
4 nmol-L”'  [PH]-N%methylhistamine  [[*H]-NAMH, 82
Ci-mmol™, DuPont NEN Research products, Boston, MA, USA;
K4 about 1.4 nmol-L™! according to West etal. (1999) and
Anichtchik etal. (2001)]. For detecting the non-specific
binding, an adjacent section from the same set was incubated
in the same buffer containing both 4 nmol-L™ [*H]-NAMH
and 5 pumol-L™" clobenpropit (pA, = 9.9, Van der Goot and
Timmerman, 2000). After incubation, the sections were
washed 4 x 30s in the same buffer without ligands at 0°C,
rinsed in the ice-cold water, then dried under cold air stream.
The dried sections were exposed to Kodak BioMax MR-films
together with *H-standards for 14 or 22 weeks.

Image analysis

Film images were analysed by a computer-based MCID image
analysis system (Imaging Research, St. Catherines, Ontario,
Canada), as described before (Jin and Panula, 2005). The
optical density was converted to the linear grey-scale value by
a *H-standard-derived curve. All grey scales in this study were
obtained from linear portions of the *H-standard curves. The
average ligand binding density in the cortical grey matter was
obtained from the parts of sections that cross all cortical layers
evenly and perpendicularly. For each pair of sections (i.e.
reaction and control sections from the same subject for each
receptor binding experiment), the non-specific binding mea-
sured from the control section was subtracted from the
binding density measured from the reaction section to yield
the specific binding level for this subject. The diagnoses of the
subjects were not revealed during the image analyses. The
code was opened after the image analyses had been
completed.

Statistical analysis

The original design of the experiment was to examine the
possible alterations in histamine receptor radioligand binding
in the normal and diseased brains. Thus, the measured recep-
tor radioligand binding levels of samples from various brain
areas of 60 subjects were first grouped according to diagnoses
and brain area, and the distribution of data was analysed by
the Sapiro-Wilk test. If the data passed the test of distribution
of normality, they were subjected to ANOVAs (followed by
Tukey’s HSD post hoc test) to examine the overall effects of
diagnosis and medication on Hj; receptor radioligand binding
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Table 1 Details of the human brain material obtained from the Stanley Foundation

Brain No. Diagnosis Age/sex Cause of Side of Medications at the Lifetime fluph. PMI (h) pH
death brain time of death eq (mg)

S-49 N 52/M CPD L None - 28 6.5
S-70 N 44/F CPD R None - 25 6.3
S-73 N 59/M CPD R None - 26 6.4
S-85 N 52/M CPD L None - 8 6.5
S-123 N 52/M CPD R None - 22 6.2
S-124 N 53/M CPD L None - 28 6.2
S-126 N 44/M CPD L None - 10 6.4
S-136 N 35/F CPD R None - 23 6.6
S-141 N 41/M CPD R None - 11 6

S-149 N 42/M CPD R None - 27 6.6
S-158 N 35/F CPD L None - 40 5.8
S-162 N 68/F CPD L None - 13 6.3
S-165 N 58/M CPD L None - 27 6

S-174 N 29/F Accident L None - 42 6.2
S-179 N 57/F Accident R None - 26 6

S-13 S, DO, 295.10 30/F Suicide R Thx, Des 6 000 60 6.2
S-18 S, UD, 295.92 52/M CPD L None (>20 years) 9 000 61 6

S-30 S, UD, 295.92 30/M CPD L Ris, Tdz 50 000 32 5.8
S-41 S, P, 295.30 62/F Accident L None (7 months) 50 000 26 6.1
S-43 S, UD, 295.92 60/F CPD L None (never treated) 0 40 6.2
S-64 S, UD, 295.92 60/M Accident R Tdz, Ami 80 000 31 6.2
S-66 S, UD, 295.92 32/M Other L Cloz 15 000 19 6.1
S-81 S, UD, 295.92 31/M Suicide L Cloz 4000 14 5.8
S-82 S, P, 295.30 58/F CPD R Hal, Dph 35000 26 5.9
S-93 S, UD, 295.92 25/M Suicide L Ris, Par 4000 32 6.6
S-100 S, UD, 295.92 44/M CPD R Hal, Cbz, Fx, Cz, Bz 100 000 50 6.5
S-116 S, P, 295.30 44/M CPD L Cloz, Cpz, Li 130 000 29 5.9
S-118 S, UD, 295.92 56/F Suicide R Hal, Li, Dph, CH 150 000 12 6.4
S-120 S, P, 295.30 35/M CPD R Cloz, Cpz, Ma, Bz, Dph 50 000 35 6.5
S-173 S, UD, 295.92 49/F CPD L Hal, Cloz, Cz >200 000 38 6.2
S-33 B, wP, 296.54 25/F Suicide R Thx, Cbz, Li, Trz 7 500 24 6.4
S-34 B, wP, 296.64 48/F CPD L Val, Ser, Cpx, Cbz 32 000 22 5.8
S-47 B, wP, 296.64 37/F Suicide R Li, Bup, Cz, Lz 1200 29 6.5
S-48 B, woP, 296.45 54/M Other R Li, Cbz 2500 39 5.8
S-60 B, wP, 296.64 30/M CPD R Li, Cloz 60 000 31 6.1
S-68 B, woP, 296.53 30/M Suicide R None 0 56 5.8
S-72 B, wP, 296.44 57/M CPD L Hal, Dph 60 000 19 6.2
S-75 B, wP, 296.54 34/M Suicide R Ris, Val, Vfx 7 000 23 6.3
S-83 B, wP, 296.44 48/M Suicide R None (>20 years) <200 13 6.1
S-88 B, wP, 296.54 31/M Suicide R Hal, Trz, Trx 30 000 28 6.3
S-89 B, II/H, 296.89 30/M Suicide L Val, Bup 0 45 6.3
S-91 B, wP, 296.44 50/F Other L several months 12 000 18 6.1
S-103 B, wP, 296.54 61/F Suicide L Fx, Val 40 000 60 6.5
S-128 B, wP, 296.44 50/M Suicide L Val, Cloz, Fz, Bz 60 000 19 6.2
S-147 B, woP, 296.53 50/F CPD L Val, Cmi 0 62 6.3
S-16 D, 296.23 32/F Suicide L Imi, Ami, Ntp, Cz 0 47 6

S-38 D, 296.33 53/F Other R Li, Trz 0 40 6.3
S-46 D, 296.33 44/F Suicide L Fx, Imi, Lz 0 32 6.2
S-59 D, 296.33 65/M CPD R Pht (single seizure) 0 19 6.2
S-92 D, NOS:311, woP 52/M CPD R None (6 years) 0 12 6.5
S-99 D, 296.33 46/M Suicide R Dph, Cz 0 26 6.1
S-101 D, 296.22 42/F CPD R Fx, Li 0 25 6.3
S-104 D, 296.23 51/M Suicide R Nef, Hxz 0 26 6.3
S-135 D, 296.33 39/M Suicide L None 0 23 6

S-138 D, 296.31 42/M Suicide L None (>2 weeks) 0 7 -

S-156 D, 296.32 56/M CPD L Ser 0 23 6.5
S-163 D, 296.33 56/F CPD L Vfx, Bus, Az 0 28 5.8
S-168 D, 296.33 30/F Suicide L Ntp, Az, Cmi 0 33 6

S-171 D, 296.33 43/M CPD L Tri 0 43 5.9
S-172 D, 296.33 47/M CPD L Fx, Nef 0 28 6.4

Ami, amitriptyline; Az, alprazolan; B, 1I/H, bipolar Il disorder, hypomaniac; B, woP, bipolar disorder without psychotic features; B, wP, bipolar disorder with psychotic
features; Bup, bupropion; Bus, buspirone; Bz, benzotropine; Cbz, carbamazepine; CH, chloral hydrate; Cloz, clozapine; Cmi, clomipramine; CPD, cardiopulmonary
diseases; Cpx, chlorprothixene; Cpz, chlorpromazine; Cz, clonazepam; D, major depression; Des, desipramine; Dph, diphenhydramine; F, female; Fx, fluoxetine;
Fz, flurazepam; Hal, haloperidol; Hxz, hydroxyzine; Imi, imipramine; L, left hemisphere; Li, lithium; Lifetime fluph. eq, estimated lifetime antipsychotics in
fluphenazine equivalents; Lz, lorazepam; M, male; Ma, maprotiline; N, normal control; Nef, nefazadone; Ntp, nortriptyline; Par, paroxetine; Pht, phenytoin; PMI,
post-mortem interval; R, right hemisphere; Ris, risperidone; S, DO, schizophrenia, disorganized; S, P, schizophrenia, paranoid; S, UD, schizophrenia, undifferen-
tiated; Ser, sertraline; Tdz, thioridazine; Thx, thiothixene; Tri, trimipramine; Trz, trazadone; Trx, trihexphenidyl; Val, valproate; Vfx, venlafaxine.

British Journal of Pharmacology (2009) 157 118-129



Table 2 Numbers of subjects in each subgroup (based on diagnosis
and medication)

Untreated ATA/TCA Other medication
Normal 15 - -
Schizophrenia 3 7 5
Bipolar disorder 3 4 8
Major depression 3 4 8

ATA, atypical antipsychotics, includes clozapine and risperidone; potent anti-H;
medication includes clozapine, imipramine, amitriptyline, nortriptyline, clomi-
pramine, maprotiline, diphenhydramine and hydroxyzine; TCA, tricyclic anti-
depressants, includes imipramine, amitriptyline, nortriptyline, clomipramine,
maprotiline and desipramine; untreated, drug-naive or had been off-
medication for at least 2 weeks before death.

levels. Medication effects within each diagnostic group were
examined by using one-way ANOVA (with Bonferroni’s mul-
tiple comparison post hoc test). Data were also further
grouped according to diagnosis and medication profile, Stu-
dent’s t-test was used to examine the significance of difference
between two subgroups [e.g. control and unmedicated schizo-
phrenic, control and schizophrenic cases treated with atypical
antipsychotics (ATA), etc.]. We defined the subgroups based
on the published pharmacological profiles of the medications
that were used by the subjects included in this study (infor-
mation on ‘medication at death’ is provided by the Stanley
Foundation Neuropathology Consortium, see Table 1). The
untreated subjects were either drug-naive or had been off-
medication for at least a few months before death. As both
ATA (including clozapine and risperidone in this study) and
TCAs have been shown to affect H; receptors (Kathmann
etal.,, 1994; Ghi etal.,, 1995; Rodrigues et al., 1995; Alves-
Rodrigues et al., 1996), subjects who were treated with any of
the ATAs or TCAs were included into the ‘ATA/TCA’ groups,
while subjects who were treated with typical antipsychotics,
mood stabilizers or non-TCA antidepressants were included in
the ‘other medication’ groups. The numbers of subjects in
each subgroup are listed in Table 2.

Because we obtained only two sets of temporal cortical
samples from two schizophrenic subjects who were off-
medication before death, this subgroup (untreated schizo-
phrenic subjects) was not included in the analysis of Hj
receptor radioligand binding data in the temporal cortex. The
SAS8.2 statistical software and spss for Windows were used for
the analyses.

Pearson’s test was used to examine the correlation between
H; receptor radioligand binding level and brain pH or post-
mortem time. Kendall’s tau-b test was used to examine the
correlation between Hj; receptor radioligand binding level and
psychotic symptoms in various brain areas. If a significant
correlation was suggested, one-way ANOVA (followed by
Tukey’s HSD post hoc test) was used to examine the signifi-
cance of difference in Hj; receptor radioligand binding level
between various groups (controls, schizophrenic subjects and
bipolar subjects with psychotic symptoms, depressed subjects
and bipolar subjects without psychotic symptoms).

In addition, the analysis of covariance was performed to
analyse the effects of age, side of the brain, drug abuse and
alcohol consumption on H; receptor radioligand binding
levels.
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Results

General aspects

No correlations were found between Hj receptor radioligand
binding levels and post-mortem time or brain pH (Pearson’s
linear correlation test, Figure 1). The analysis of primary data
of this study did not find any significant differences in the
cortical laminar distribution patterns of Hj; receptor radioli-
gand binding between subjects with psychiatric disorders
(schizophrenia, bipolar disorder, major depression) and the
normal controls. Therefore, the average densities of Hj recep-
tor radioligand binding in the cortical grey matter (all
laminae) were taken into account and are presented here. The
analysis of covariance showed that the possible effects of age,
drug abuse, side of brain and alcohol consumption on Hj
receptor radioligand binding levels were not significant
(F < 1.5, P> 0.05). No interactions between alcohol use and
medication, drug abuse and medication were found (F < 1.6,
P > 0.095).

H; receptor radioligand binding in prefrontal and temporal
cortices

H; receptor radioligand binding in the prefrontal cortex. In the
prefrontal cortex, the average H; receptor radioligand binding
level of the schizophrenic group was significantly higher than
those of the control and depressed groups (one-way ANOVA
with HSD post hoc test, P < 0.01 and 0.05, respectively;
Figures 2A-K), whereas no significant differences in H; recep-
tor radioligand binding levels were found between the normal
controls and the depressed or bipolar subjects. Typical images
with appropriate controls are shown (Figure 2A-]).

A significant overall effect of medication on H; receptor
radioligand binding in the prefrontal cortex was suggested
(F=6.743, P = 0.012). H; receptor radioligand binding levels
were significantly higher in subjects treated with ATAs (cloza-
pine and risperidone) and/or TCAs relative to either untreated
subjects (including control and untreated diseased subjects,
P <0.001) or those treated with other medications (including
typical antipsychotics, mood stabilizers and antidepressants
other than TCAs, P < 0.01). However, no significant differ-
ences were found inside each disease (schizophrenic, bipolar,
depressive) group comparing the ones that were either off-
medication, treated with ATAs or TCAs, or treated with other
medications (Figure 2B-F and L). Further comparisons of sub-
groups (grouped according to both diagnosis and medication)
with the control group found significantly higher average H;
receptor radioligand binding levels in the prefrontal cortices
of schizophrenic subjects treated with ATAs (clozapine and
risperidone) and/or TCAs as compared with the controls
(P < 0.05, Figure 2E and L). A similar tendency was found in
the depressive subjects who were treated with TCAs but
without statistical significance (Figure 2F and L).

In 45 diseased subjects, significant correlation was found
between psychotic symptoms and Hj; receptor radioligand
binding levels in the prefrontal cortex (Kendall’s tau-b non-
parameter correlation test, correlation coefficiency = 0.366,
P =0.003). Hj receptor radioligand binding levels in the pre-
frontal cortex were significantly higher in subjects with psy-
chotic symptoms (i.e. all schizophrenic subjects and those
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Figure 1
brain pH and post-mortem interval.

bipolar subjects with psychotic symptoms, see Table 1) as
compared with those without psychotic symptoms (i.e.
bipolar subjects without psychotic symptoms and all
depressed subjects) or controls (one-way ANOVA with HSD post
hoc test, P < 0.01, Figure 3).

H; receptor radioligand binding in the temporal cortex. In the
temporal cortex, overall effects of diagnosis and medication
on Hj; receptor radioligand binding levels were not significant
(two-way ANOVA, F < 1.121, P > 0.35). No significant differ-
ences in Hj receptor radioligand binding levels were found
among the four groups of subjects (one-way ANOVA, P > 0.05;
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Figure 4A-K). The Hj receptor radioligand binding level of
schizophrenic subjects who were treated with ATAs and/or
TCAs was not different from that of the controls (one-way
ANOVA, P > 0.05, Figure 4A-L). No significant difference was
found within each diagnostic group (Figure 4A-L).

In the diseased subjects, no significant correlation was
found between psychotic symptoms and H; receptor radio-
ligand binding levels in the temporal cortex (Kendall’s tau-b
non-parameter correlation test, correlation coefficiency =
—0.009, P = 0.942). No significant differences in H; receptor
radioligand binding levels were found between subjects with
psychotic symptoms, diseased subjects without psychotic
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Figure 2 Histamine Hs receptor radioligand [*H]-NAMH binding patterns in the prefrontal cortex of (A) control subject, (B) medication-free
schizophrenic subject, (C) medication-free bipolar subject, (D) medication-free depressed subject, (E) schizophrenic subject treated with
clozapine and (F) depressed subject treated with TCA. (G—J) Non-specific (5 umol-L™' clobenpropit present) binding patterns correspond to
those in (A-D). (K) Densities of [>H]-NAMH binding sites in the prefrontal cortices across all diagnostic groups. Mean = SD binding levels
(nCi-mg™") were: control, 1.74 = 0.43; schizophrenic subjects, 2.37 = 0.49; subjects with bipolar disorder, 2.08 = 0.57; depressed subjects,
1.83 *= 0.50. P-values (one-way ANOVA, HSD post hoc test) are indicated in the groups having significantly different binding levels, compared
with the controls and depressed subjects. (L) Densities of [*H]-NAMH binding sites in the prefrontal cortices of all subjects (grouped according
to both diagnoses and medication profiles). P-value is indicated in the subgroup that is significantly different from the controls (one-way ANOVA
with Bonferroni’s post hoc test). No significant differences were found within the schizophrenic, bipolar and depressive groups. The H; receptor
binding level of the depressed subjects who were treated with TCA shows a tendency to increase as compared with the medication-free ones
(P=0.051). The ‘other medication’ category includes typical antipsychotics, mood stabilizers and non-TCA antidepressants. Scale bar: 1 cm.
[®H]-NAMH, [*H]-N*-methylhistamine; ATA, atypical antipsychotic; B, bipolar disorder; D, depression; S, schizophrenia; TCA, tricyclic
antidepressant.

symptoms and controls
Figure 4M)

(one-way ANOVA, P > 0.05, subiculum, medium in presubiculum (PrS) and CAl, low in
CA2, CA3 and CA4 regions (Figure SA and C). A layer pref-
erence was observed in the subicular complex and entorhi-

nal cortex (Figure 5B). In the subicular complex, the binding

H; receptor radioligand binding in the hippocampal formation

H; receptor radioligand binding in hippocampal areas of normal
subjects. In the hippocampal formation of normal subjects,
average Hj receptor radioligand binding levels were highest
in dentate gyrus, subiculum, entorhinal cortex and para-

density is higher in the deep layer of subiculum, the middle
and superficial layers of PrS, and the deep and superficial
layers of parasubiculum. In the entorhinal cortex, the
binding density was relatively higher in the superficial and
deep layers.
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H; receptor radioligand binding in hippocampal areas of diseased
subjects. Between diseased and normal subjects, no signifi-
cant differences were found in most of the hippocampal areas
(one-way ANOVA, P> 0.05) except for the significantly lower H;
receptor radioligand binding level in CA4 of bipolar subjects
(one-way ANOVA with HSD post hoc test, P <0.05, Figure 5D). A
trend towards lower binding level was also found in CA1 of
bipolar subjects but without statistical significance (one-way
ANOVA, P = 0.062). The overall effect of medication on Hj;
receptor radioligand binding level was significant in dentate
gyrus (F=3.499, P=0.038), but not in any other hippocampal
areas. The bipolar subjects treated with ATAs or TCAs had
significantly higher H; receptor radioligand binding levels in
dentate gyrus as compared with controls (Student’s t-test,
P < 0.001, Figure SE). Significantly lower binding levels were
also found in CA2 and PrS of three medication-free bipolar
subjects as compared with the normal subjects (Student’s t-test,
P <0.01 and 0.05, respectively, Figure SE).

In the diseased subjects, no correlation was found between
psychotic symptoms and Hj; receptor radioligand binding
levels in any of the hippocampal areas (Kendall’s tau-b test,
correlation coefficiency < 0.196, P > 0.252). No correlations

were found between suicide behaviour and H; receptor radio-
ligand binding levels (Kendall’s tau-b test, correlation coeffi-
ciency <0.152, P> 0.240), or the use of mood stabilizer and H;
receptor radioligand binding levels (Kendall’s tau-b test, corre-
lation coefficiency < 0.187, P> 0.182) in any of the hippocam-
pal areas.

Discussion

Significantly higher histamine H; receptor radioligand
binding was found in the prefrontal cortex of the schizo-
phrenic group than in the control group, in particular in
those patients who received ATAs. However, no significant
changes were found in the temporal cortex and most of the
hippocampal regions of these subjects. If we look at the
ratio of frontal H; receptor binding level to temporal Hj
receptor binding level in each individual, it is significantly
higher (Student’s t-test, P < 0.001) in schizophrenic subjects
(0.438 = 0.09) as compared with the controls (0.304 =
0.08). Moreover, the same schizophrenic subjects treated
with ATAs did not show increased H; receptor binding in
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Figure 3 Histamine Hs receptor radioligand [*H]-NAMH binding patterns in the prefrontal cortex of (A) medication-free bipolar subject with
psychotic symptoms, (B) medication-free bipolar subject without psychotic symptoms and (C) bipolar subject with psychotic symptoms that
were treated with clozapine. (D) Density of [*H]-NAMH binding sites (mean =+ SD) is significantly higher (one-way ANOVA with Tukey’s HSD
post hoc test) in subjects with psychotic symptoms (n = 26, 15 schizophrenic and 11 bipolar subjects) as compared with controls (n = 15) or
subjects without psychotic symptoms (n = 19, 4 bipolar subjects and 15 depressed subjects). Scale bar: 1 cm. [*H]-NAMH, [*H]-N*-
methylhistamine; B, bipolar disorder; w/o, without psychotic symptoms; w/p, with psychotic symptoms.
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Figure 4 Histamine Hs receptor radioligand [*H]-NAMH binding patterns in the temporal cortex of (A) control subject, (B) medication-free
schizophrenic subject, (C) medication-free bipolar subject, (D) medication-free depressed subject, (E) schizophrenic subject treated with
haloperidol and (F) schizophrenic subject treated with risperidone. (G-J) Non-specific (5 umol-L™' clobenpropit present) binding patterns
correspond to those in (A-D). (K) Densities of [*H]-NAMH binding sites in the temporal cortices across all diagnostic groups. Mean + SD
binding levels (nCi-mg™) are: control, 5.81 * 1.04; schizophrenic subjects, 5.43 + 0.74; subjects with bipolar disorder, 5.74 + 0.87; depressed
subjects, 5.37 = 0.94. No significant differences were found among different groups. (L) Densities of [*H]-NAMH binding sites in the temporal
cortices of all subjects (grouped according to both diagnoses and medication profiles). No significant differences were found among different
groups, or within each group. The ‘other medication’ category includes typical antipsychotics, mood stabilizers and non-TCA antidepressants.
(M) No significant differences in Hs receptor binding levels were found between controls (n = 15), subjects with psychotic symptoms (n = 26,
15 schizophrenic and 11 bipolar subjects) and subjects without psychotic symptoms (n = 19, 4 bipolar subjects and 15 depressed subjects).
Scale bar: 1 cm. [*H]-NAMH, [*H]-N®methylhistamine; ATA, atypical antipsychotic; B, bipolar disorder; D, depression; S, schizophrenia; TCA,
tricyclic antidepressant; w/o, without psychotic symptoms; w/p, with psychotic symptoms.
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Figure 5 (A) Histamine Hs receptor radioligand [*H]-NAMH binding pattern in the hippocampal formation of a normal subject. (B) The layer
preference of Hs receptor binding distribution in the subicular complex and entorhinal cortex of a normal subject. In the subicular complex,
the binding density is higher in the deep layer of subiculum, the middle and superficial layers of PrS and the deep and superficial layers of PaS.
In the entorhinal cortex, the binding density is prominent in the superficial and deep layers. (C) Densities of [*H]-NAMH binding sites in various
parts of hippocampal formation of normal subjects (mean + SD, n = 15). (D) Densities of [*’H]-NAMH binding sites in various parts of
hippocampal formation of normal and bipolar subjects (mean *+ SD, n=15 for each group). H; receptor binding level is significantly decreased
in CA4 of bipolar subjects. (E) Densities of [*H]-NAMH binding sites (mean + SD) in DG, CA2 and PrS of normal (n = 15) and bipolar subjects
(n =15 in total, grouped according to medication profile). Hs receptor radioligand binding levels are significantly increased in DG of bipolar
subjects treated with ATA and/or TCA (n = 4, student’s t-test, P < 0.001), but significantly decreased in CA2 and PrS of medication-free bipolar
subjects (n = 3, Student’s t-test, P < 0.01 and 0.05 respectively). Scale bars: 1 cm. [*H]-NAMH, [*H]-N%methylhistamine; ATA, atypical
antipsychotic; B, bipolar disorder; DG, dentate gyrus; Ent, entorhinal cortex; PaS, parasubiculum; PrS, presubiculum; Sub, subiculum. TCA,

tricyclic antidepressant.

the hippocampal region either, and the binding level in CA2
region of these subjects was significantly lower than that of
the controls (Student’s t-test, P < 0.05, data not shown).
Thus, the increase of [*H]-NAMH binding sites in the frontal
cortex is probably not directly caused by the medication
per se, but is rather related to some factors that are linked to
the medication profile, such as symptoms. In none of
disease groups, did we find significant differences in prefron-
tal cortical H; receptor radioligand binding levels between
subjects who had committed suicide and those who died
from accidents or other diseases (data not shown). However,
we did find a correlation between Hj receptor radioligand
binding level in the prefrontal cortex and psychotic symp-
toms in 45 diseased subjects. H; receptor radioligand
binding levels in the prefrontal cortex were significantly
higher in subjects with psychotic symptoms, compared with
those without psychotic symptoms or controls. This corre-
lation was not found in the temporal cortex or the hippoc-
ampal formation. These data suggest that the H; receptor in
the human prefrontal cortex is likely to be involved in the
modulation of cognition, and this is supported by findings
in animals that H; receptor antagonists enhance prepulse
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inhibition and cognition (Fox et al., 2002; 2005; Browman
et al., 2004).

In the hippocampal formation, minor changes in H; recep-
tor radioligand binding levels were found in subjects suffered
from bipolar disorder. These findings include significantly
decreased H; receptor radioligand binding level in CA4, a
non-significant trend towards decreased binding level in CA1,
significantly decreased binding levels in CA2 and P1S of three
medication-free bipolar subjects and significantly increased
binding levels in dentate gyrus of bipolar subjects treated with
ATA and TCAs. We could not link the findings to either
severity of the symptoms (such as suicide) or the spectrum of
symptoms (such as psychotic behaviours). Although ATAs and
TCAs are H; receptor ligands, increased H; receptor binding
levels were found in dentate gyrus of bipolar subjects treated
with these drugs, and significantly decreased binding levels
were found in CA2 of schizophrenic subjects treated with
ATAs and TCAs (data not shown). Therefore, the observed
changes cannot be directly linked to medication. The change
in H; receptor binding level might reflect cytohistological
abnormalities in hippocampal formation of bipolar subjects.
Although no significant cytoarchitectural changes were found



in the hippocampus of these subjects (Knable et al., 2004) and
no difference in hippocampal neuronal density was observed
(Oliveira et al., 2008), some alterations have indeed been
reported in the same material, such as a significant 12%
reduction in hippocampal CA1l neuronal size (Liu etal.,
2007), and decreased mRNA expression of complexin I and II
in CA4, subiculum and parahippocampal gyrus in bipolar
subjects (Eastwood and Harrison, 2000). Thus, the change in
H; receptor binding level might be related to synaptic abnor-
malities in these subjects, but not to loss of hippocampal
neurons. One of the downstream effects following H; receptor
activation is the inhibition of cCAMP formation, which is also
the major target of antidepressants. Changes in cAMP
pathway, such as increased BDNF level were found in dentate
gyrus, CA4 and supragranular regions in subjects treated with
antidepressants in the same material. The decrease in Hj
receptor density might also enhance the cAMP signalling in
the hippocampal formation. Our data suggest potential
changes in Hj receptor regulation of the hippocampal circuit
in bipolar subjects, but more materials need to be examined
and physiological functions of the H; receptor in hip-
pocampal formation should be studied before we can draw a
conclusion.

Contrary to the findings in the prefrontal cortex, no signifi-
cant differences in H; receptor binding levels were found in
the temporal cortex among four groups. The discrepancy sug-
gests a possible functional difference of H; receptors in these
two regions. Furthermore, the existence of Hs receptor iso-
forms in the human brain needs to be taken into account in
the case of different H; receptor binding profiles in the pre-
frontal and temporal cortices. So far, 10 isoforms have been
described (Cogé etal., 2001; Wellendorph etal., 2002).
Among them, at least three are functional: the full length
445-aa protein, the 365-aa isoform with 80-aa deletion in the
third intracellular loop and another isoform having both
80-aa deletion in the third intracellular loop and a novel short
8-aa C terminus. In the rat, isoforms with an alternative
putative extracellular C terminus act as dominant-negative
isoforms (Bakker et al., 2006). The agonist [*H]-NAMH shows
different affinity to different human H; receptor isoforms
(Wellendorph et al., 2002). Thus, the different binding pro-
files of H; receptors in the two cortical areas of schizophrenic
subjects obtained in this study might indicate different com-
positions of Hj receptor isoforms in these two regions. It is
possible that in these schizophrenic subjects, the ratio of
full-length H; receptor isoforms versus the isoforms with third
intracellular loop deletion and the ones with different C ter-
minus were different from the normal controls and/or
between the cortical areas. However, no information is avail-
able on the distribution patterns of all Hs receptor isoforms
and their regulation in the human brain. Furthermore, a
mutation that alters H; receptor ligand binding properties
remains a possible explanation. Despite the difficulties in
assessing the extent and nature of neuropathological alter-
ations in schizophrenia (see Shenton et al., 2001), altered
volumes of dorsolateral prefrontal cortex have been reported
(Gur etal., 2000; Tregellas et al., 2007). Differences in Hj
receptor ligand binding pattern may be a consequence of
differences in the density of neurons and neuropil. However,
no changes were found in cases of density and somal size of
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lamina V pyramidal neurons in dorsal lateral prefrontal cor-
tices of these subjects (Law and Harrison, 2003). It would be
important to understand the mechanism that leads to altered
H; receptor ligand binding in schizophrenic brains, as this
receptor is an important target for drug development for CNS
disorders.

In this study we also describe, to our knowledge for the first
time, the distributional pattern of H; receptor radioligand
binding in the human hippocampal formation. Components
of the cortical input pathway (i.e. layers II and III of the
entorhinal cortex, dentate gyrus) and the feedback efferent
pathway (i.e. subiculum and layer V of entorhinal cortex) to
diverse cortical and subcortical regions show more abundant
H; receptor radioligand binding sites than other hippocampal
areas. This pattern suggests that the H; receptor, most likely
located on the axonal terminals of neurons, regulates the
strength of inputs from association cortices that converge on
neurons in the upper layers of entorhinal cortex, and the
further entorhinal projection to dentate gyrus. The entorhinal
cortex — dentate gyrus perforant pathway is the main stream
for conveying sensory experience information to hippocam-
pus, and the H; receptor may interact with this inflow. Simi-
larly, the prominent Hj; receptor binding in subiculum and
deep layers of entorhinal cortex suggests that the hetero-H;
receptor is also involved in regulating the strength of CA1l
input to subiculum. The subicular input to layer 5 of the
entorhinal cortex, therefore, modulates the hippocampal
outflow to sensory specific and multimodal association areas
such as frontal and temporal cortices, amygdala and hypo-
thalamus. Thus, the major role of H; receptors in the hippoc-
ampal formation might be tuning the feedforward and
feedback connections to various cortical and subcortical
regions. Hence, they take part in the hippocampal modula-
tion of higher cognition and emotional processes (Damasio,
1989). We previously described Hj receptor expression pat-
terns in human prefrontal cortex and thalamus (Jin et al.,
2002; Jin and Panula, 2005) and hypothesized that the Hj
receptor is involved in the regulation of thalamo-cortical and
cortico-cortical connections. Data from the hippocampal for-
mation provide further evidence that brain histamine, via H;
receptors, modulates brain network activities and plays
important roles in higher brain functions such as cognition
and emotion.

In conclusion, the up-regulation of histamine H; receptor
radioligand binding in prefrontal cortices of schizophrenic
subjects and bipolar subjects with psychotic symptoms, but
not in temporal cortices of these subjects suggests that Hj
receptors in the prefrontal cortex take part in the modulation
of cognition. It is also possible that an isoform-specific regu-
lation of Hj receptors exists in these two cortical areas. Hista-
mine H; receptors in hippocampal formation probably
regulates both feedforward and feedback pathways of the
hippocampus and might be involved in the neuropathology
of bipolar disorder.
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