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Abstract

Histamine is produced by the hypothalamic tuberomamillary nucleus (TMN). We studied its involvement in Alzheimer’s disease (AD)
by in situ hybridization of histidine decarboxylase (HDC), the key enzyme of histamine production, in 9 AD patients and 9 controls.
Additionally, messenger (m) RNA levels of the 4 histamine receptors (H1–4R) and of the enzyme involved in histamine metabolism,
istamine methyltransferase (HMT), were determined by quantitative polymerase chain reaction (qPCR) in the prefrontal cortex (PFC) in
he course of AD (n � 49). Moreover, alterations in glia markers were studied. HDC-mRNA levels in the TMN were unchanged in AD,
espite of the reduced number of Nissl-stained neurons (p � 0.001). However, a decrease in HDC-mRNA was observed in its medial part

(mTMN; p � 0.047). In the course of AD only females had increased prefrontal cortex expression of histamine receptor-3 (H3R) (p � 0.007)
and histamine methyltransferase-mRNA (p � 0.011) and of the glia markers, glial fibrillary acidic protein-mRNA, vimentin-mRNA and
proteolipid protein-mRNA. These findings indicate the presence of regional changes in the TMN that are at least partly gender-dependent.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Neuronal histamine is exclusively produced in the hypo-
thalamic tuberomamillary nucleus (TMN) by the rate-lim-
iting enzyme L-histidine decarboxylase (HDC) (Panula et
al., 1984). It is mainly degraded by histamine-N-methyl-
transferase (HMT) (Huszti et al. (1998)), and glia plays an
important role in its inactivation (Rafałowska et al., 1987).
Histaminergic fibers project to a large number of brain
areas, including the cerebral cortex, thalamus, basal ganglia,
amygdala, and hippocampus, where histamine is crucially
involved in a large number of basic physiological functions,
such as the sleep-wake cycle, energy metabolism and en-
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docrine homeostasis, sensory and motor functions, cogni-
tion, attention, learning, and memory (Haas et al., 2008). All
these modalities are severely affected in Alzheimer’s dis-
ease (AD) (Martorana et al., 2011).

The reports on alterations in the histaminergic system in
AD are equivocal. On the one hand it has been postulated
that histamine production would be decreased due to an
accumulation of neurofibrillary tangles (NFT) in the TMN
in the early stages of the AD process (i.e., in Braak stage 3)
(Braak et al. (1993)) and to a loss of large histaminergic
neurons in the rostral TMN in AD (Nakamura et al., 1993).
These findings are in agreement with high performance
liquid chromatography results showing that histamine levels
diminish in a number of brain areas in AD (Mazurkiewicz-
Kwilecki and Nsonwah, 1989; Panula et al., 1998) and with
the decreased neuronal metabolic activity of the TMN ob-
served in AD (Nakamura et al., 1993; Salehi et al., 1995).
Moreover, a positron emission tomography study showed

that in AD patients, histamine receptor-1 (H1R) binding was
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decreased in the frontal and temporal cortex (Yanai and
Tashiro, 2007). However, several other reports claim that
the histaminergic system may be hyperactive both in
healthy aging subjects (Prell et al., 1988) and in AD patients
(Cacabelos et al., 1989; Fernández-Novoa and Cacabelos,
2001). In AD patients, increased histamine levels were
found not only in the frontal cortex, basal ganglia, and
hippocampus (Cacabelos et al., 1989), but also, together
with its metabolites, in the cerebrospinal fluid (CSF)
(Fernández-Novoa and Cacabelos, 2001). It should be noted
that differences in putative confounding factors, such as
postmortem delay (PMD), gender, and age may have con-
tributed to the variable results (Panula et al., 1998). More-
over, special attention should be paid to possible sex dif-
ferences in studies of the histaminergic system, because
more cytoplasmic estrogen receptor (ER)-� staining was
ound in the TMN of men than of women (Kruijver et al.
2002), while, in addition, the CSF concentration of hista-
ine metabolites in women tended to be higher than in men

Motawaj et al., 2010; Prell et al., 1990). Furthermore, the
ensities of H1R and histamine receptor-2 (H2R) were found

to be higher in the female than in the male rat cortex (Ghi
et al., 1999).

The aim of the present study was to determine, for the
first time, the possible alterations of neuronal histamine
production in AD by relating the changes of TMN neuron
numbers to histamine production as determined by quanti-
tative in situ hybridization of HDC-messenger (m) RNA
expression in the TMN in the last stage of AD (Braak 6)
(Braak and Braak, 1991). In addition, in 1 of the major
neuronal histamine projection areas, the prefrontal cortex
(PFC), we used real time quantitative polymerase chain
reaction (qPCR) to assess the mRNA levels of the 4 major
histamine receptors (HRs) (H1–4R) and of HMT, as well as
of several glia markers: glial fibrillary acidic protein
(GFAP) and vimentin (VIM) as astrocyte markers (Eng et
al., 2000; Jing et al., 2007; Pekny and Pekna, 2004), prote-
olipid protein (PLP) as oligodendrocyte marker (Duncan et
al., 1987; Lees et al., 1984), and differentiation molecule
11� (CD11b) as microglia marker (Koning et al., 2007) in
ach stage of AD (Braak stage 0–6). These markers were
etermined because the glial cell is presumed to play an
mportant role in histamine inactivation (Huszti et al.,
998). Furthermore, double-labeling of HMT-mRNA in situ
ybridization and GFAP-immunocytochemistry was per-
ormed to explore the localization of histamine inactivation
n the human PFC.

. Methods

.1. Postmortem brain material

Formalin-fixed, paraffin-embedded hypothalami (9 AD
atients of Braak stage 6, and 9 control subjects of Braak
tage 0/1) (Braak and Braak, 1991) and snap-frozen medial

rontal gyrus tissue (7 subjects per Braak stage, thus in total c
9 subjects from Braak 0 to Braak 6; for details see Bossers
t al., 2010) were obtained through the Netherlands Brain
ank (NBB) and matched for sex, age, clock time and
onth of death, and PMD (for clinicopathological informa-

ion, see Tables 1 and 2). The diagnosis of AD and estab-
ishing of the patients’ Braak stage and the control status,
ere confirmed by systematic neuropathological analyses as
escribed before (van de Nes et al., 1998). Written informed
onsent for the brain autopsy and the use of the brain
aterial and medical records for research purposes was

cquired by the NBB from patients or their next of kin.
xclusion criteria for control subjects were primary neuro-

ogical and/or psychiatric disorders. In addition, any AD
atient or control subject treated with histamine receptor
reverse) agonists was excluded.

The hypothalami were serially sectioned at 6 �m inter-
als along the rostrocaudal axis. Every 100th section was
issl stained by thionin to determine the borders of the
MN. The frozen PFC tissue samples have been extensively
escribed in our previous studies (Bossers et al., 2010;
uchetti et al., 2011). Briefly, based on the distribution of
eurofibrillary tangles (Braak and Braak, 1991), 7 patients
ere chosen for each Braak stage (Braak 1–6) and 7 sub-

ects without tangles (Braak 0). Subsequently, 3 subgroups
ere made based upon the cognitive characteristics of the
raak stages: Braak 0–2, no cognitive impairment; Braak
–4, mild cognitive impairment; and Braak 5–6, fully de-
eloped AD (Bancher et al., 1996). It should be noted,
owever, that although this subdivision was made on the
asis of studies comparing the relationship between the
europathological Braak-AD stages and the clinical states
or groups of patients (Dubelaar et al. (2006), there can be
uite some variability in this relationship on an individual
evel.

RNA extracted from the frozen tissue was of high integ-
ity, i.e., RNA integrity number (RIN): mean 8.3, range
.5–9.6, which is well within the quality requirements for
PCR analysis (Fleige and Pfaffl, 2006).

.2. TMN neuron counts

In order to localize the TMN, a Nissl staining by thionin
as performed on every 100th section along the rostrocau-
al axis throughout the hypothalamus. Based upon the thio-
in staining, the TMN borders were roughly defined as the
istance between the most rostral and the most caudal sec-
ion that contained 3 or more typical TMN neurons (Swaab,
003), while the borders were subsequently determined
ore precisely by in situ hybridization for HDC-mRNA

see below) for which also 1 in every 100 sections was used.
ollowing thionin staining, the total number of neurons was
stimated at 600 �m intervals throughout the TMN. In each
ection, all TMN neurons with their typical cell profiles and

visible nucleolus serving as a unique marker for each
euron, were counted using light microscopy at a magnifi-

ation � 400. Taking into account the interval distances



Table 1
Clinicopathological details of subjects used for TMN cell counts and HDC mRNA measurements

NBB Sex Age (y) CTD MOD BW (g) FT (d) Braak stage ApoE PMD Cause of death

Controls 1998-027* M 54 9:00 12 1350 59 0 ND 8:00 Respiratory insufficiency secondary to severe
bronch-pneumonia and sepsis

1999-116* M 78 16:45 9 1300 43 0 33 6:15 Pancreatic cancer
1995-106* M 74 13:00 11 1317 60 0 32 5:45 Myocardial infarction
1995-093* M 78 4:00 9 1440 29 1 33 20:00 Decompensatio cordis, fever as a result of

pulmonary embolism
1998-081 M 63 7:40 4 1368 65 1 ND 8:00 Severely extended double-sided pneumonia

causing ventricular tachycardia
1997-156* F 77 8:30 11 1235 47 1 ND 4:20 Septic shock; metastasized pancreas

carcinoma
1998-036* F 69 9:25 3 1229 31 1 33 8:00 Cardiogenic shock
2001-069* F 68 12:15 5 1135 32 1 43 7:00 Euthanasia
1998-035 F 65 21:00 1 55 0 ND 1:40 Complications with mesenterial ischemia

Mean 5 M/4 F 69.6 1296.7 46.8 7:37
SEM 2.7 33.7 4.6 1:54
Median 69 47 6:37
Percentile

25th 64 31.5 4:41
75th 77.5 59.5 8:00

AD 1996-020 M 58 5:20 2 1180 27 6 33 5:50 Cachexia
2000-066 M 80 18:35 6 1160 31 6 43 3:50 Dehydration and vascular insufficiency
2001-136 M 73 15:40 12 1176 47 6 32 3:45 Sepsis
2002-082 M 72 11:50 9 1181 39 6 42 3:35 Broncho-pneumonia complicated by slight

cardiac decompensation
2003-107 M 69 21:05 12 1013 31 6 ND 5:10 Pneumonia caused by aspiration and cardiac

decompensation
2004-023 F 67 17:45 3 1135 40 6 42 4:20 Cachexia
2003-057 F 68 4:30 6 985 41 6 32 6:35 Pneumonia/dehydration
2000-140 F 72 18:50 12 980 31 6 43 5:30 Dehydration
1996-109 F 66 12:40 10 1020 120 6 33 8:00 Marasmus seniles due to dementia

Mean 5 M/4 F 69.4 1092.2 45.2 5:10
SEM 2 9.6 30 0:29
Median 69 1135 39 5:10
Percentile

25th 66.5 999 31 3:47
75th 72.5 1178 44 6:12

p value 1 0.894 0.001 0.258 0.423

Braak stage for Alzheimer’s disease (AD): progression of pathological changes in AD was according to Braak et al., 1993. p value: differences between 2 groups were tested using the Mann-Whitney U
test.
Key: ApoE, apolipoprotein E; BW, brain weight; CTD, clock time at death; F, female; FT, fixation time in days; HDC, histidine decarboxylase; M, male; mRNA, messenger RNA; MOD, month of death;
NBB, Netherlands Brain Bank number; ND, no data; PMD, postmortem delay; SEM, standard error of the mean; TMN, tuberomamillary nucleus.

2587
L

.
Shan

et
al./N

eurobiology
of

A
ging

33
(2012)

2585–2598



A
T
h
T
C
n

a
i
t
o
l
9
t
a
s

fi
w
s
2
w
a
a
r
d
m
K

t
c
t
t
L

2

f
a
(
p
(
r

p
a
t
a
fi
a
t
b
p
t
(

lay; qPC

2588 L. Shan et al. / Neurobiology of Aging 33 (2012) 2585–2598
between individual sections the total number of TMN neu-
rons was determined based on the Cavalieri principle de-
scribed before (Verwer and Raber-Durlacher, 1993). We
further subdivided the rostral-caudal length of the TMN into
3 equal parts, thus distinguishing in 3 subregions: a rostral
(rTMN), medial (mTMN), and caudal (cTMN) part. These
subdivisions were similar to a previously performed arbi-
trary subdivision (Nakamura et al., 1993).

2.3. Quantitative radioactive HDC-mRNA in situ
hybridization in the TMN

Quantitative in situ hybridization (ISH) was performed
according to the protocol that we developed and have de-
scribed in detail before (Liu et al., 2010). For the assessment
of HDC-mRNA in the TMN, we used a 45-mer oligonucle-
otide antisense probe (GenBank # NM_002112: 5= GGC

GG ACT CAT CAG CAT CGG GCT CAG ACG TTT
CA TTT CCA GGA 3=) targeted to bases 647–603 of the
uman HDC-mRNA sequence. An HDC sense probe (5=
CC TGG AAA TGA AAA CGT CTG AGC CCG ATG
TG ATG AGT CCT GCC 3=) was used to serve as a
egative control. In brief, the probe was 3=-end labeled with

35S-dATP (PerkinElmer Life and Analytical Sciences, Wal-
tham, MA, USA; Catalog no. NEG734H) using terminal
deoxynucleotidyl transferase (Roche Diagnostics, Basel,
Switzerland). The labeled probe was purified through etha-
nol precipitation and suspended in a hybridization buffer
(HBF: 0.5 M NaCl, 1� Denhardt’s solution, 10 mM Tris-
HCl, 1 mM ethylenediaminetetraacetic acid [EDTA], 10%
dextran sulfate, 0.5 mg/mL yeast tRNA, 50% formamide,
800 mM dithiothreitol [DTT]). Every 100th section (6 �m)
long the rostrocaudal axis of the TMN was deparaffinized
n xylene and rehydrated via a descending series of ethanol,
hen autoclaved for 20 minutes at 120 °C under a pressure
f 1 bar in 0.01 M citrate buffer (pH 6.0). Following de-
ipidation in phosphate buffered saline (PBS; 0.15 M NaCl,

mM Na2HPO4, 1.7 mM NaH2PO4) containing 0.1% Tri-
on X-100, sections were hybridized in HBF containing
pproximately 1 � 106 cpm of labeled HDC oligoprobe per

Table 2
Clinicopathological information of frozen prefrontal cortex samples used

Braak stage
(n � 7 per group)

Age (y) Sex

0 70.6 � 3.6 4 M/3 F
1 80.3 � 2.1 3 M/4 F
2 76.7 � 3.0 3 M/4 F
3 85.0 � 2.4 3 M/4 F
4 82.3 � 1.9 3 M/4 F
5 74.3 � 2.5 4 M/3 F
6 70.3 � 3.0 3 M/4 F
pValue 0.004 0.992

Braak stage for Alzheimer’s disease (AD): progression of pathological chan
were tested by Kruskal-Wallis. Values are presented as mean � standard
Key: CSF, cerebrospinal fluid; F, female; M, male; PMD, postmortem de
lide. The hybridization took place overnight in a humidi- c
ed box in a stove at 42 °C. The next day, sections were
ashed sequentially for 30 minutes at 46 °C in 1 � standard

aline citrate (SSC), 2 � 15 minutes at 46 °C in 0.1 � SSC,
� 15 minutes at room temperature in 0.1 � SSC, and
ere dehydrated in 300 mM ammonium acetate (pH 5.5)/

bsolute ethanol mixtures at volume ratios of 1:1, 3:7, 1:9,
nd 0:1, respectively. Sections were then exposed to auto-
adiographic film for 2 weeks, after which the films were
eveloped for 3–4 minutes in Kodak D-19 developer (East-
an Kodak Company, Rochester, NY, USA) and fixed in
odak Maxfix (Eastman Kodak Company) for 5 minutes.
Gray values of individual autoradiograms of TMN sec-

ions were related to an existing standard curve. The out-
ome was multiplied by the area covered by the HDC signal
o obtain an estimate for the total amount of HDC-mRNA in
he TMN, expressed in arbitrary units (AU). For details, see
iu et al., 2010.

.4. qPCR study in the frozen PFC tissue

Details of dissection of the gray matter from the snap-
rozen postmortem PFC tissue, subsequent RNA isolation
nd cDNA synthesis are described in our previous studies
Bossers et al., 2010; Luchetti et al., 2011). The qPCR
rocedures have also been described in detail previously
Luchetti et al., 2011). In brief, it was performed in a
eaction volume of 20 �L, using the SYBR Green PCR Kit

(Applied Biosystems, Warrington, UK) and a mixture of
sense and antisense primers (2 pmol/�L). For detailed
rimer information please see Supplementary Table 1. Re-
ctions were run in a GeneAmp 7300 thermocycler under
he following conditions: 2 minutes at 50 °C and 10 minutes
t 95 °C, followed by 40 cycles of 15 seconds at 95 °C and
nally 1 minute at 60 °C. Data were acquired and processed
utomatically by the Applied Biosystems Sequence Detec-
ion Software v1.4. Specificity of amplification was checked
y means of melting curve analysis and electrophoresis of
roducts on an 8% polyacrylamide gel. Sterile water (non-
emplate control) and omission of reverse transcriptase
non-RT control) during cDNA synthesis served as negative

R

PMD (h) CSF pH RIN

6.8 � 0.6 6.7 � 0.2 8.1 � 0.4
6.0 � 0.4 6.6 � 0.1 8.7 � 0.4
7.3 � 0.6 6.7 � 0.1 9.1 � 0.0
6.0 � 0.9 6.7 � 0.1 7.7 � 0.3
5.1 � 0.6 6.6 � 0.1 8.2 � 0.3
5.6 � 0.5 6.5 � 0.1 8.3 � 0.3
4.7 � 0.3 6.8 � 0.1 7.6 � 0.2
0.042 0.468 0.043

AD according to Braak et al., 1993. p Value: differences between 7 groups
f the mean.

R, quantitative polymerase chain reaction; RIN, RNA integrity number.
for qPC

ges in
error o
ontrols. Amplification efficiency was determined by run-
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ning qPCR reactions on a dilution series of pooled cDNA
from all the subjects. The resulting cycle threshold (Ct)
values were plotted against the inverse log of each dilution
and the slope of this curve was then used to calculate the
efficiency as follows: efficiency (E) � 10-/slope). The nor-
malization factor was based upon the geometric mean of the
following 7 reference genes selected by geNorm analysis
(Vandesompele et al., 2002), i.e., AURKAIP1; DHX16;
ERBPKLHDC5; ISOC2; SNW1; and TM9SF4. The relative
absolute amount of target genes was calculated with the use
of the following formula: 1010 � E-ct. The relative mRNA
expression of the target gene was obtained by dividing the
calculated absolute amount of transcript by the normaliza-
tion factor.

2.5. HMT-mRNA in situ hybridization followed by
immunocytochemical staining of GFAP

Because HMT-mRNA levels were found to be positively
correlated with GFAP-mRNA both in controls and AD
patients (see Results 3.3.1.), HMT-mRNA in situ hybrid-
ization and GFAP immunocytochemistry were performed
on formalin-fixed paraffin-embedded 6-�m sections of PFC
from the same subjects in order to define the detailed loca-
tion of HMT-mRNA. One PFC section per subject was
used.

2.5.1. In situ hybridization for HMT-mRNA in the PFC
tissue

For detection of HMT-mRNA we performed in situ hy-
bridization using a locked nucleic acid (l) and 2=-O-methyl-
RNA (m) modified oligonucleotide, 5=-labeled with fluores-
cein (FAM5=) (Ribotask, Odense, Denmark). This probe
was complementary to base pair 179–197 of the human
HMT-mRNA sequence (Genbank NM_001024074.2:
FAM5=-lTmUmClCmCmAlGmUmUlCmCmClTmCmUlT-
mUmClT-3=). As a negative control we used an HMT
mRNA sense probe (FAM5=-lAmGmAlAmAmGlAmGmGl-
GmAmAlCmUmGlGmGmAlA-3=). The specificity of HMT-
mRNA was performed based upon the PFC tissue of 1 control
(NBB # 01-004) and 1 AD subject (NBB # 98–147).

Sections of PFC were collected and mounted on Super
frost plus plus slides (Merck, Darmstadt, Germany) using a
water bath set at 48 °C. After mounting they were dried over
2 nights in a stove at 37 °C. The sections were deparaf-
finized in xylene for 10 minutes, then cleared for another 10
minutes in fresh xylene. Subsequently, the tissue was rehy-
drated in a graded ethanol series (2 � 5 minutes in 100%
ethanol, 1 minute in each 96%, 80%, and 60% ethanol) and
washed twice for 2 minutes in PBS. Sections were washed
for 5 minutes in 0.01 M citrate buffer pH 6.0 and subse-
quently microwaved in 0.1 M citrate buffer pH 6.0 for 2 �
5 minutes at full power (700 W). Sections were allowed to
cool down to room temperature for 30 minutes. Then they
were washed in PBS for 2 � 5 minutes and deproteinated as
follows: the sections were incubated in 0.2 N HCl for 20

minutes, washed twice in PBS for 5 minutes and deprotein-
ated for 15 minutes in a solution containing proteinase K
(Invitrogen, Carlsbad, CA, USA) (5 �g/mL) in 1� prot K
buffer (2 mM CaCl2, 10 mM Tris/HCl, pH 7.5). To stop the
eaction, the sections were incubated for 30 seconds in
lycine buffer (26.6 mM glycine in PBS) and washed 2 �
minutes in PBS. Lipids were removed from the tissue by

ncubating for 10 minutes in PBS-Triton (PBS containing
.1% vol/vol Triton X-100; Sigma, Steinheim, Germany)
nd subsequent rinsing 2 � 5 minutes in PBS. Sections were
rehybridized in 200 �L HBF overnight covered with
escofilm (Bando Chemical IND, Kobe, Japan) at room

emperature in a humidified chamber. The next day the
robe was diluted in HBF to a final concentration of 50 nM,
enatured at 95 °C for 5 minutes, and cooled on ice. Sec-
ions were hybridized in hybridization mix at 57 °C for 90
inutes, washed for 5 minutes in 5� SSC at 57 °C, 5
inutes in 2� SSC at 57 °C, 5 minutes 0.2� SSC at 57 °C,

nd 5 minutes in PBS at room temperature, and preincu-
ated with Tris-buffered saline (TBS)-milk (1% nonfat dry
ilk; Elk, Campina, Woerden, the Netherlands) in TBS, pH

.6, for 1 hour at room temperature, followed by a 3-hour
ncubation with sheep immunoglobulin G (IgG), antifluo-
escein-Fab fragments coupled to alkaline phosphatase
:3000 (Roche, Mannheim, Germany) in Supermix-milk
SUMI-milk: 0.25% gelatin; Merck) (wt/vol), 0.5% Triton
-100 (vol/vol) in TBS-milk, pH 7.6. Next, the slides were
ashed 2 � 5 minutes with 0.1 M Tris, 150 mM NaCl

buffer pH 7.5, then after a prewash in 100 mM Tris-HCl pH
9.5, 100 mM NaCl, 5 mM MgCl2, the sections were devel-
ped in NBT (Sigma), BCIP (Roche) coloring solution
337.5 �g/mL nitro blue tetrazolium chloride, 175.4 �g/mL

5-bromo-4-chloro-3-indolyl phosphate, toluidine salt, 240
�g mL�1 levamisole in 100 mM Tris-HCl pH 9.5, 100 mM
NaCl, 5 mM MgCl2) for approximately 25 minutes at room
temperature under dark conditions. Sections were then
washed in aqua dest, rinsed in 100% methanol (Sigma) for
5 minutes and washed again in aqua dest. Finally, the
sections were coverslipped with Mowiol (10% wt/vol
Mowiol 4–88; Calbiochem, Merck, Darmstadt, Germany,)
in 0.1 M Tris-HCl pH 8.5, 25% vol/vol glycerol) aqueous
mounting medium and stored in a light box at 4 °C.

2.5.2. Followed immunocytochemical staining of GFAP
Sections that were double-labeled for HMT-mRNA and

GFAP were first hybridized in situ as described above for
HMT-mRNA and subsequently immunocyochemically
stained for GFAP. After the in situ hybridization procedure,
sections were processed as follows: following methanol
treatment and rinsing in aqua dest, sections were washed in
TBS for 2 � 5 minutes. Subsequently, sections were pre-
incubated in TBS-1.25% milk (wt/vol, Elk, Campina) for 45
minutes at room temperature and then incubated in rabbit
IgG against pan-GFAP (Dako, Glostrup, Denmark) at
1:1000 dilution in Supermix (Merck)-2.5% (wt/vol) milk
for 1 hour at room temperature, followed by an overnight

incubation at 4 °C in a moist chamber. The next day,
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sections were washed in TBS for 20 minutes and then
incubated in biotinylated goat anti-rabbit IgG, diluted 1:400
in Supermix (Merck) for 1 hour at room temperature. After
washes in TBS for 20 minutes, sections were incubated in
ABC complex (Vector Laboratories, Burlingame, CA,
USA) for 1 hour. After 2 washes in TBS, sections were
equilibrated for 5 minutes in acetic acid buffer (29.6 mM
acetic acid, 70.4 mM sodium acetate, pH 5.0) and then
developed in AEC solution (0.05% wt/vol) 3-amino-9-eth-
ylcarbazole in acetic acid buffer, 0.015% H2O2 for approx-
mately 15 minutes, washed in TBS, and finally cover-
lipped in Mowiol (Calbiochem).

.6. Statistical analysis

All data are presented as median in the text and as
edian (25th–75th percentile) in the Figures. Percentage

hanges of mRNA levels or cell densities were calculated
sing the mean values, in order to allow comparison with
revious reports. Differences between the 2 groups were
ested using the Mann-Whitney U-test. For comparison of
ene expression over the 3 AD-Braak stages, the Kruskal-

Wallis test (K-W) was employed. If a significant difference
was identified among the 3 stages, each combination of 2
stages was then compared by the Mann-Whitney U test
(M-W U). Intergroup differences in clock time and month of
death were evaluated using the Mardia-Watson test. Spear-
man’s � was used for all correlations. p-values � 0.05 were
onsidered to be significant (2-tailed). Because the analysis
f sex differences was based upon small group sizes, a
ower analysis was employed to calculate the minimum
ffect size, using 80% as standard of adequacy (PASS 6.0,
CSS Inc., UT, USA). Statistical analyses were carried out
sing SPSS Statistics 17.0 (SPSS, Inc., Chicago, IL, USA).

. Results

.1. Possible confounders

In the study on the TMN, there was no significant dif-
erence regarding sex, age, PMD, and fixation time between
he groups (p � 0.258) (Table 1) and there was no signif-

icant correlation between these putative confounding factors
with either HDC-mRNA expression levels or TMN neuron
numbers (p � 0.306).

In the qPCR study, due to the stringent clinical selection
criteria, the final set of samples contained small differences
in the Braak stages for age, PMD, and RIN value (Kruskal-
Wallis test, p-value � 0.05, Table 2). However, these dif-
ferences did not confound the qPCR results, either in our
previous experiments (Bossers et al., 2010; Luchetti et al.,
2011) or in the present study, because age, PMD, and RIN
had no correlation with the expression data of the 4 recep-
tors and HMT in a Spearman test (p � 0.119). No signifi-
cant correlation was found between duration of AD and the

levels of gene expression (p � 0.107) in AD subjects. (
3.2. TMN

The total number of typical TMN neurons was signifi-
cantly (57%) reduced in AD patients (median � 16,436)
compared with matched controls (median � 39,441) (p �
0.001) (Fig. 1). In contrast, HDCmRNA expression in the
entire TMN in AD (median 57.4) was not significantly
different from that in controls (median 108.0) (p � 0.310;
Table 3, Fig. 2). In addition, a significant reduction in the
number of neurons was found in AD patients in all 3 TMN
subregions (rTMN p � 0.009; mTMN p � 0.002; cTMN
p � 0.047, respectively) (Fig. 3A), while a significantly
lower HDC mRNA expression was only found in the
mTMN (p � 0.047), but not in the rTMN (p � 0.566) or in
the cTMN (p � 0.691) (Fig. 3B).

3.3. PFC

The Kruskal-Wallis test showed that there were, in the
course of AD, significant differences for levels of histamine
receptor-3 (H3R) (K-W p � 0.003) and HMT-mRNA (K-W

� 0.009) over the 3 AD-Braak-stage subgroups. Hista-
mine receptor-4 (H4R)-mRNA showed a trend toward a
ignificant difference among the subgroups (K-W p �
.076), while H1R (K-W p � 0.527) and H2R mRNA levels

(K-W p � 0.901) did not show any differences.
In the end stages of AD (Braak stages 5–6) significant

increases of H3R (p � 0.002) (Fig. 4A) and HMT mRNA

Fig. 1. Representative photographs of tuberomamillary nucleus (TMN)
neurons in the posterior hypothalamus following Nissl staining of a Braak
stage 6 Alzheimer’s disease (AD) subject (A, Netherlands Brain Bank
[NBB] # 03107) and a control (B, NBB# 98035). The pictures were taken
at the level with the highest numbers of TMN neurons. Note the severe loss
of the characteristic large-sized TMN neurons. Scale bar represents 0.05
mm (C). Box plot showing the median, 25th–75th percentiles, and the
range of the number of TMN neurons in AD patients and controls. The total
number of TMN neurons is significantly (57%) decreased compared with
matched controls (Mann-Whitney U test: n � 9, p � 0.001).
p � 0.006) (Fig. 4D) were found as compared with the
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controls (Braak stage 0–2). In addition, HMT mRNA was
significantly upregulated in preclinical AD (Braak stage
3–4) compared with the controls (Braak stage 0–2, p �
0.022) (Fig. 4D). Moreover, although a highly significant
positive correlation between the H3R and HMT mRNA
levels on the one hand and Braak stages on the other were
observed in the pooled subjects (n � 49, � � 0.415, p �
0.003, and � � 0.413, p � 0.003, respectively), this corre-
ation appeared to hold only for females, not for males (see
elow, Result 3.4.1.).

.3.1. Glia markers in PFC
Alterations were observed in the PFC for the astrocyte

arkers GFAP (K-W p � 0.002), VIM (K-W p � 0.016),
nd oligodendrocyte marker PLP mRNA (K-W p � 0.013),
ut not for the microglia marker differentiation molecule
1� (K-W p � 0.824). The end stages of AD (Braak stage

5–6) showed a significant increase in GFAP (p � 0.0001;
Fig. 5A), VIM (p � 0.006; Fig. 5D), and PLP mRNA (p �
0.003; Fig. 5G) compared with controls (Braak stage 0–2).
Furthermore, GFAP mRNA and PLP mRNA were higher in
preclinical AD (Braak stage 3–4) compared with the con-
trols (Braak stage 0–2, p � 0.054, and p � 0.043, respec-
tively) (Figs. 5A and D).

Positive correlations were consistently observed be-
tween GFAP mRNA and VIM mRNA in controls (n �

1, � � 0.686, p � 0.001), preclinical AD (Braak stage
– 4) (n � 14, � � 0.846, p � 0.001), and AD (Braak

stage 5– 6) (n � 14, � � 0.789, p � 0.001).
HMT mRNA was positively correlated with GFAP

mRNA and VIM mRNA in controls (n � 21, � � 0.673,
p � 0.001 and � � 0.449, p � 0.041, respectively) and AD
n � 14, � � 0.635, p � 0.015 and � � 0.675, p � 0.008,

respectively), but not in preclinical AD (n � 14, � � 0.143,
p � 0.626 and � � �0.108, p � 0.714, respectively). Only
n AD did HMT mRNA correlate positively with PLP

Table 3
Differences between 2 groups as tested by Mann-Whitney U test

Group n Number TMN neurons,
median (percentiles
25th–75th)

HDC mRNA, median
(percentiles 25th–75th)

D 9 16,436 (14,112–18,301) 57.4 (47.9–111.9)
ontrol 9 39,441 (21,729–51,137) 108.0 (57.4–141.8)

0.001 2** 0.31
Male

AD 5 17,518 (13,471–18,561) 57.4 (47.9–109.1)
Control 5 26,693 (18,381–44,916) 73.4 (26.0–121.0)
p 0.028 2* 0.917

Female
AD 4 15,663 (13,723–17,647) 73.4 (17.8–151.9)
Control 4 47,840 (29,386–57,912) 141.8 (99.4–166.8)
p 0.021 2* 0.248

Key: AD, Alzheimer’s disease; HDC, histidine decarboxylase; mRNA, ;
TMN, tuberomamillary nucleus.
* p � 0.05, Mann-Whitney U test.

** p � 0.01, Mann-Whitney U test.
RNA (n � 14, � � 0.574, p � 0.032).
.3.2. HMT mRNA in situ hybridization in the PFC
The specificity of HMT mRNA in situ hybridization was

upported by the district localization of HMT mRNA (blue
taining) in neurons and GFAP staining (red) in astrocytes
n the PFC (Fig. 6A). In addition, it was supported by the
ailure of the sense probe to show a blue signal, while the
ed GFAP staining was present (Fig. 6B). Higher intensity
f the HMT mRNA signals was observed in the deep lam-
nar of the PFC.

.3.3. No colocalization of HMT mRNA and GFAP in the
FC

GFAP staining was homogeneously localized across the
FC and absent in neurons (Fig. 6A–D). The HMT mRNA
blue) labeling was only observed in neurons, and there
ere no colocalizations of HMT mRNA and GFAP in the
FC.

.4. Sex differences in the TMN

In controls, the total number of TMN neurons was
lightly (32%), but not significantly (p � 0.142) higher in
emales (n � 4, median � 47,840) than in males (n � 5,
edian � 26,693) (Table 3), while HDC mRNA expression

howed significantly higher (46%) levels in females than in
ales (p � 0.050; power analysis 99.4%) (Table 3). Despite

elatively low numbers of the samples, the power level
emained adequate (�80%) for analysis.

Fig. 2. Film autoradiograms of representative sections of a Braak stage 6
Alzheimer’s disease (AD) patients (A, Netherlands Brain Bank [NBB] #
00140) and control (B, NBB # 01069) showing the positive tuberomamil-
lary nucleus (TMN) neurons surrounding the negative mamillary body (M).
Bar represents 1 mm. (C) Box plot showing the median, 25th–75th per-
centiles, and the range of the total histidine decarboxylase (HDC) messen-
ger (m) RNA expression in the TMN of AD patients and controls. The total
amount of HDC mRNA expression was unchanged in AD patients (Mann-

Whitney U test: n � 9, p � 0.310).
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In AD patients, no sex differences were observed, either
in the total amount of TMN neurons (p � 0.462) or in total
HDC mRNA expression (p � 0.806) (Table 3).

3.4.1. Sex differences in the PFC
Only in females were H3R (K-W p � 0.007), HMT

(K-W p � 0.011), GFAP (K-W p � 0.007), VIM (K-W p �
0.023), and PLP (K-W p � 0.02) mRNA expression levels
found to be significantly increased over the 3 AD-Braak
subgroups. In contrast, in male subjects H3R (K-W p �
0.312), HMT (K-W p � 0.607), GFAP (K-W p � 0.116),
VIM (K-W p � 0.204), and PLP (K-W p � 0.369) mRNA
expression was unchanged in the 3 AD-Braak subgroups. In
addition, an upregulation of H3R (p � 0.002; power anal-
ysis 82.3%; Fig. 4B), HMT (p � 0.010; power analysis
98.5%; Fig. 4E), GFAP (p � 0.002; power analysis 100%;
Fig. 5B), VIM (p � 0.01; power analysis 98.1%; Fig. 5E),
and PLP (p � 0.016; power analysis 84.4%; Fig. 5H)
mRNA levels was found only in late-stage AD (Braak
stages 5–6) female patients as compared with control fe-
males (Braak stages 0–2).

Moreover, both H3R and HMT correlated positively with

Fig. 3. Boxplot showing the median, 25th–75th percentiles, and the range
(HDC) messenger (m) RNA expression (B) in the 3 parts of TMN area of
number of TMN neurons is significantly diminished in all subregions.
Mann-Whitney U test; n � 9 in each box plot. Abbreviations: cTMN, cau
Braak stages in females (n � 26, � � 0.462, p � 0.001 and e
� � 0.421, p � 0.003 respectively), but not in males (n �
23, H3R � � 0.268, p � 0.229 and HMT � � 0.204, p �
.350).

. Discussion

The present study demonstrates region-specific and sex-
ependent changes in the human neuronal histamine system
n AD. AD patients all showed a significant loss of the
haracteristic TMN neurons in all 3 subareas of the TMN.
n the other hand, HDC mRNA expression, a marker for
euronal histamine production, was found only to diminish
ignificantly in the central part of this nucleus (mTMN) in
D patients. The PFC, which is 1 of the major projection

reas of histamine produced in the TMN (Haas et al., 2008),
s affected relatively late in the course of AD (Braak and
raak, 1991). Only in females did we find a significantly

ncreased H3R, HMT, GFAP, VIM, and PLP mRNA ex-
ression in the PFC. Our findings indicate that the hista-
inergic system related to the PFC is especially affected in

emale AD patients. Moreover, although HMT mRNA lev-

tuberomamillary nucleus (TMN) neurons (A) and histidine decarboxylase
tage 6 Alzheimer’s disease (AD) patients and controls. Note that the total
DC mRNA expression was reduced only in mTMN; p value is from
t of TMN; mTMN, medial part of TMN; rTMN, rostral part of TMN.
of the
Braak s
The H
ls were found to be positively correlated with GFAP
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mRNA, both in controls and AD patients, HMT mRNA was
found exclusively in neurons in the human PFC.

4.1. Alteration in the TMN in AD

The total TMN neuron numbers of control subjects were
quite comparable to those reported in a previous study (Airak-
inen et al., 1991a). A novel observation is that the HDC
RNA production in the TMN was higher in control females

han in males. Various sex differences have already been ob-
erved in this system. In human control subjects, ER � and �

were expressed both in the cytoplasm and in the nucleus in a
sex-dependent manner in the TMN (Kruijver et al., 2002,
2003). In view of the heterogeneous nature of the TMN (Gi-
annoni et al., 2009; Sergeeva et al., 2002), we subdivided the
TMN arbitrarily into 3 equal-length parts. The proportion of
TMN neuronal loss in AD found in the present study (57%) is
comparable with a previous study, which reported a 51%
reduction of TMN cells in a smaller sample of patients,
whereas only the rTMN and mTMN neurons were counted
(Nakamura et al., 1993). It should be noted, however, that we
do not know whether these neurons are actually dead and gone,
or whether the atrophy renders the cells unrecognizable as
typical TMN neurons. Because we only counted the typical,

Fig. 4. The transcript level changes of histamine receptor-3 (H3R) and the
Alzheimer’s disease (AD) prefrontal cortex (PFC). Results of quantitativ
expression for each gene normalized to the reference genes as described i
expression of (A) H3R, and (D) HMT was significantly increased in end s

R 0–2. (B) H3R-mRNA expression was increased in BR 5–6 (** p � 0.0
n females in BR 3–4 (* p � 0.05) and BR 5–6 (** p � 0.01). (F) In m
large TMN neurons that contain a clear nucleolus, the results of s
cell counting may be interfered with significance by cellular
atrophy. It is remarkable that the significant loss of large TMN
neurons in AD patients is not accompanied by a significantly
diminished HDC mRNA expression, which indicates that in
AD the remaining TMN neurons are activated to compensate
for the loss of active TMN neurons by enhanced histamine
production. The slight (24%), nonsignificant decrease of HDC
mRNA expression in the entire TMN of AD patients found in
the present study is in agreement with the previous finding of
a slightly lower level of the histamine metabolite tele-methyl-
histamine (22%) in the cerebral spinal fluid of AD patients
(Motawaj et al., 2010).

The TMN is known to be affected in early stage AD
Braak stage 3) by neurofibrillary pretangles as stained, e.g.,
y Alz-50, and by classic intraneuronal neurofibrillary tan-
les (Nakamura et al., 1993; Swaab et al., 1992; van de Nes
t al., 1998). Because globular extracellular neurofibrillary
angles are present in the TMN the tangles were proposed to
e involved in the loss of histaminergic neurons in this area
Airaksinen et al., 1991a, 1991b; Swaab, 2003). As men-
ioned above, the significant loss of large TMN neurons in
D patients is, however, largely compensated for as far as
DC mRNA expression is concerned. A similar compen-

involved in histamine breakdown, histamine methyltransferase (HMT) in
erase chain reaction (qPCR) are shown as relative messenger (m) RNA

ods. Braak stage is indicated as BR followed by the number (0–6). Gene
D (BR 5–6; ** p � 0.01) compared with controls and preclinical stages:
in females, not in males (C). (E) HMT mRNA expression was upregulated
ects, HMT mRNA expression was unchanged in all stages.
enzyme
e polym
n Meth
tage A

1) only
ation has been reported in the locus coeruleus, where the
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small proportion of remaining noradrenergic neurons are
hyperactive in AD (Hoogendijk et al., 1999; Raskind et al.,
1999; Szot et al., 2006). The alternative possibility, i.e., that
the preservation of HDC mRNA could reflect preserved
synthesis in atrophic neurons is less likely, given that gen-
erally many proteins are downregulated in atrophic neurons
(Salehi et al., 1994).

The compensatory activation of histamine production
was found to be complete in the rTMN and cTMN, while a
significant reduction of HDC mRNA expression was found

Fig. 5. The transcript level changes of glial fibrillary acidic protein (GFAP), v
(PFC). Results of quantitative polymerase chain reaction (qPCR) are shown a
genes as described in Methods. Braak stage is indicated as BR followed by the n
increased in end stage AD (BR 5–6; ** p � 0.01) compared with controls an
ncreased in BR 5–6 compared with BR 0–2 (** p � 0.01), and preclinical sta

in females, not in males (C) and (F). (H) PLP mRNA expression was upregu
in mTMN (Fig. 4B). It is interesting to note that our group
previously observed a smaller Golgi apparatus size of TMN
neurons, a marker for lower TMN neuronal metabolic ac-
tivity, in the mTMN of AD patients (Salehi et al., 1995).
The mTMN represents the largest proportion of both TMN
neurons and HDC mRNA expression (Fig. 3).

4.2. Alterations in the PFC histaminergic system and glia
cells

Our current finding of a higher expression of the hista-

, and proteolipid protein (PLP) in Alzheimer’s disease (AD) prefrontal cortex
e messenger (m) RNA expression for each gene normalized to the reference

(0–6). Gene expression of (A) GFAP, (D) vimentin, (G) PLP was significantly
ical stages: BR 0–2. (B) GFAP mRNA (E) vimentin mRNA expression was
3–4 compared with BR 5–6 (* p � 0.05). The differences were only present
females in BR 5–6 (* p � 0.05) and not in males (I).
imentin
s relativ
umber

d preclin
ges BR
mine catabolic enzyme, HMT, and of the histamine (H)3
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receptor of female AD patients indicates a higher activity of,
and sensitivity for, the histaminergic system in the PFC in
female AD patients. It should be noted that we found HMT
mRNA expression to be upregulated already in Braak stage
3–4, the same stage where neurofibrillary tangles in the
TMN were first observed (Braak et al., 1993). HMT mRNA
expression levels stayed higher in female end-stage AD
patients compared with female controls. In spite of the
positive correlation in the PFC between HMT mRNA and
the astrocyte marker, both in the controls and in AD
patients, we did not find colocalization of HMT mRNA
and GFAP, while astrocytes were proposed to be the
main inactivation site of histamine in animal brains
(Huszti et al., 1990; Nishibori et al., 2000; Rafałowska et
al., 1987). Our qPCR data also confirm the observation

Fig. 6. Glial fibrillary acidic protein (GFAP) immunocytochemistry and his
human prefrontal cortex (PFC). (A) Specific HMT mRNA in situ hybridiz
the PFC Braak stage 6—Alzheimer’s disease patient (Netherlands Brain B
HMT-mRNA neuronal staining and astroglial GFAP staining. (B) Absence
subjects. Inset shows detail about the absence of HMT mRNA neuronal sta
in a control (NBB # 98-101) and a Braak stage 3 subject (NBB # 98-189),
staining, respectively. Scale bar for A–D � 50 �m; scale bar for insets �
that astrocytes are activated in the PFC in the course of
AD (Coulson et al., 2010; Simpson et al., 2010). How-
ever, to our knowledge, we are the first to show that glia
activation shown by GFAP, VIM, and PLP mRNA ex-
pression in the AD cerebral cortex only occurs in fe-
males.

In contrast to the increased HMT mRNA expression that
we observed, Schneider et al. reported a significant decrease
of HMT enzyme activity in AD PFC (Schneider et al.,
1997). There are at least 2 possible explanations for these
apparently contradictory results: (1) protein expression and
posttranslational modifications can be disturbed, as was
shown for other proteins in the AD brain (Butterfield et al.,
2003); (2) histamine degradation requires the coenzyme
S-adenosyl-methionine as methyl donor (Haas et al., 2008),
while this compound is diminished in AD (reviewed in Shea

methyltransferase (HMT) messenger (m) RNA in situ hybridization in the
nal (blue) was observed after hybridization with HMT antisense probe in

BB] # 98-147) with GFAP (red) double staining. Inset shows detail of the
staining after hybridization with sense probe in adjacent section from same
nd positive astroglial staining. (C) and (D) Representative double staining
ts show detailed HMT mRNA neuronal staining and GFAP astroglial cell

.

tamine
ation sig
ank [N
of blue
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and Chan, 2008).
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We found also that H3R mRNA expression was in-
creased in the PFC in female AD patients. The main H3R

RNA assayed in our qPCR study is most probably the
eteroreceptor H3R, produced by cortical neurons (Arrang

et al., 2007), although a potential additional source of H3R
as an autoreceptor localized on the fibers of the histamin-
ergic projecting neurons from the TMN, i.e., on the presyn-
aptic membrane (Haas et al., 2008), cannot be entirely
excluded. As a heteroreceptor, the activation of H3R could
t least partly account for the reported diminished release of
everal neurotransmitters in PFC, such as noradrenaline
Schlicker et al., 1999), gamma amino butyric acid (GABA)
Jang et al., 2001) and acetylcholine (Blandina et al., 1996).

deficiency of these neurotransmitters has indeed been
eported in the PFC in AD (Bierer et al., 1995; Lanari et al.,
006), but the contribution of the histaminergic system to
hese changes has yet to be established. Interestingly, sex
ifferences in relation to AD were also observed in the
holinergic system. The nucleus basalis of Meynert (NBM)
s the major source of acetylcholine for the cortex (Mesulam
t al., 1983). Female AD patients matched for age showed
ore severe early cytoskeletal alterations (Salehi et al.,

998) in the nucleus basalis of Meynert. Our data, together
ith previous findings, seem to offer a neurochemical basis

or the observation that female AD patients show more
ronounced cognitive deficits during the course of their
isease (Henderson, 1997). Our present data may also pro-
ide a rationale for the use of H3R antagonists, in particular
n female AD patients, because these compounds increase
he release of histamine, acetylcholine, noradrenaline, and
opamine, and may in this way modulate cognitive pro-
esses (Arrang et al., 2007). Their potential benefit for
ognition has already been shown in preclinical trials
Brioni et al., 2010). However, so far no special attention
as been paid to any such sex differences.

In our study H1R mRNA expression in the medial frontal
yrus of the PFC was unchanged throughout the different
raak stages. This finding is in agreement with the obser-
ation that H1R binding as measured by positron emission

tomography (PET) was unaltered in the medial frontal gyrus
(Brodmann area 46) in AD patients (Higuchi et al., 2000).
Interestingly, H1R binding was decreased in the rest of the
PFC, such as the superior frontal gyrus (Brodmann area 9)
(Higuchi et al., 2000). In accordance with our current data
that the expression level of H2R mRNA was unaltered in

D, Perry et al. (1998) also found H2R binding to be
unchanged in AD PFC.

The novel histamine receptor H4R was recently found to
e functionally expressed in the human cortex (Connelly et
l., 2009). We report here for the first time that the H4R

mRNA tended to be higher in the PFC in AD than in
controls. Further work is required to determine its localiza-
tion and the mechanism underlying this change.

Some limitations of the present study should be men-

tioned: (1) the lack of suitable antibodies prevented immu-
nocytochemistry for the localization of H1–4R or HMT in
the PFC; (2) larger samples including different sexes are
warranted for future investigations; (3) although the hista-
minergic alterations were measured both in the production
site (TMN) and the projection site (PFC), material of both
sites was only available for a few cases, which prohibited
correlation analyses of the changes in the 2 areas.

In summary, these data provide insight into alterations at
the production site, the TMN, and at a projection site, the
PFC, of the neuronal histaminergic system in AD. The
severe loss of TMN neurons in all 3 TMN subregions in
late AD stages is largely compensated for by the histamine
production as indicated by the overall unaltered HDC
mRNA expression. However, HDC mRNA expression was
diminished in the mTMN of AD patients. In addition, in-
creased H3R and HMT mRNA expression was found in the
PFC in AD patients, but only in females. Moreover, a
significant positive correlation was observed in females
between the H3R mRNA and HMT mRNA levels on the one
hand and AD Braak-stages on the other. In spite of the
positive correlation between HMT mRNA and the astrocyte
marker in the controls and in AD patients, there was no
colocalization of HMT mRNA and GFAP in astrocytes in
the human PFC. The neuronal histaminergic alterations may
be related to cognitive decline, especially in female AD
patients. Furthermore, this study provides a rationale for
H3R inverse agonists as a potential AD treatment in the
early stages of AD, especially in female patients.
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