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Abstract

Histaminergic neurons of the hypothalamic tuberomammillary nuclei (TMN) send projections to the whole brain. Early anatomical
studies described histaminergic neurons as a homogeneous cell group, but recent evidence indicates that histaminergic neurons
are heterogeneous and organized into distinct circuits. We addressed this issue using the double-probe microdialysis in freely
moving rats to investigate if two compounds acting directly onto histaminergic neurons to augment cell firing [thioperamide and
bicuculline, histamine Hg- and y-aminobutyric acid (GABA)a-receptor (R) antagonists, respectively] may discriminate groups of
histaminergic neurons impinging on different brain regions. Intra-hypothalamic perfusion of either drug increased histamine release
from the TMN and cortex, but not from the striatum. Thioperamide, but not bicuculline, increased histamine release from the
nucleus basalis magnocellularis (NBM), bicuculline but not thioperamide increased histamine release from the nucleus accumbens
(NAcc). Intra-hypothalamic perfusion with thioperamide increased the time spent in wakefulness. To explore the local effects of
Ha-R blockade in the histaminergic projection areas, each rat was implanted with a single probe to simultaneously administer
thioperamide and monitor local changes in histamine release. Thioperamide increased histamine release from the NBM and cortex
significantly, but not from the NAcc or striatum. The presence of Hz-Rs on histaminergic neurons was assessed using double-
immunofluorescence with anti-histidine decarboxylase antibodies to identify histaminergic cells and anti-Hs-R antibodies. Confocal
analysis revealed that all histaminergic somata were immunopositive for the Ha-R. This is the first evidence that histaminergic
neurons are organized into functionally distinct circuits that influence different brain regions, and display selective control
mechanisms.

Introduction

Somata of aminergic neurons are restricted lo discrete cell clusters in
distinet brain regions, although their axons innervate nearly the entire
CNS. Locus coeruleus, substantia nigra and dorsal raphe are sources
of noradrenergic, dopaminergic and serotonergic axons, respectively.
These nuclei are comprised ol distinct compartments with respect to
projection fields, as separale subgroups of noradrenergic (Al1-AT7),
dopaminergic (A8 A7) and serotonergic (B1-B9) neurons give risc
to distinct sets of axons innervaling separale brain regions (Mason &
Fibiger, 1979; Jacobs & Azmitia, 1992). This pattern implics
independent functions of sets of neurons according to their origin
and terminal projections.
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In a comparable architecture, all fibres containing histamine,
another aminergic neurotransmitier (Schwarlz, 1975), originate within
the hypothalamic tuberomammillary nuclei (TMN; Panula er al., 1984;
Watanabe er al., 1984), and innervate almost the entire CNS (Inagaki
et al., 1988; Panula et af., 1989a; Brown et al., 2001). Histaminergic
neurons are grouped in five clusters, E1-E5 (Inagaki et al., 1988),
each of which sends overlapping projections throughout the neuroaxis
(Ericson et al., 1987). Retrograde tracers injecled into different CNS
regions labelled histaminergic cell bodies scattered throughout the
TMN without a strict topographical pattern (Kohler er al, 1985;
Inagaki et al., 1990). Thus, histaminergic neurons appear as a rather
homogeneous cell group acting as a regulatory network for whole-
brain activity through diffuse projections, and modulating general
states of metabolism and consciousness, rather than processing
specific functions (Wada et a/l, 1991). Evidence is beginning to
accumulate showing the heterogeneity of histaminergic neurons.
Different types of stress (Miklos & Kovacs, 2003) and hypercapnic
loading (Haxhiu et al., 2001} activated subgroups of histaminergic
neurons. Histamine neurons differ in size, glycine-sensitivity (Serge-



eva o o, 2001 and expression of psubunits of the w-aminobutyric
acid (GABA},. recoptor (GABAL-R: Sergeeve et af, 2002, 2005).
Tiiese abservations. sugiest (hatl the hislaminergic sysiem 1§ organized
intg distingt cireulis, cach triggering specific physiological responses,
tmi_u(llng arousal, appetite and cognitive processes (ITaas & Panula,
2003; Passani ¢f of ; 2004, WHoas éraf, 2008

Thie Hy-receplor (F-R) i3 anaule- snd & helero-receplor, conirol-
ling release of histamine ilsell as well as o range ol otllcr
neurotransmitters (Armang ot «l., 1983; Blandina ¢t «i., 1998), -
shows lunclionak constitutive activity, polymorphismsin: humang :md
rodents wilh a.difleréntial distiibution ol splice variants, and coupling
o different {noacellular signal trans_d_q_cl'imi ni_e_clu_m_ism_s (Pagsam
of al, 2004). MR helerogencity might underlic the. diversity of
histaminérgic netrondl fimetions. To understand if higtaminergic
neirons are organized inlo digtinet, funciiotial circuils, we used the
dual-probe migrodialysis_ technique 1o block pharmdcologically \he
My-R or the Cﬂ\BANR in the TMN and monitor moditication: of
histamine release i v Iisiaminergic prajection arcas, Single:prabe
microdialysis .u_xpuuncnls- werd also performed to investipate whiethér
blockade of local IMy-Rs 10 the histaminetgic projeclion arcas
influehced histaming releasewithin these brain regions. In- this study,
we demonstrale that histamiinergie pewrons are characterized by
indepéndent control saechanising . and- differkntial oulput to specific
brain regions: This arraigement. may- influaice - individually defined
Hehaviours restiling from differential histamine release in various
brain regions.

Materials and methods

Eight-week old, male Sprague-Dawley rals (250-280 ¢ body weight;
Harlan, Haly) were -housed in groups ol three in a temperature.
conirolied roowt (20-24°C), op a 12 b dghl @ dark eyele (07.00-
19.00 by, and were allowed [ree secess to bod and water, All the
experiments were performed in - strict -complianee with the ‘BEC
recornmendalions  for {he care and usé &l laboratory animals
{86/609/CLE), and were appioved by the Abiwal Care Commilies of
the “Dipartimento di Farmacologia Preclinica ¢ Clinica - Universita di
Firenze'

Surgical procedures

Rats, anacsthelized with -chloral hydrate (400 mg/ky ip) and
positioned in a slefcolaxic rame {Sielar, Stoclling, Wood BRale, L,
USA), weore implanicd with guide cannulag (Metalant,. Sweden)
acearding to the following coordinates from bregma (Paxinos &
Walson, 1998): TMN, APs: =43, L= ~1.1, DV =~T7.2: nticleus
basalis nulgnaceliularis (NBM), AP » 08 L= =28 DV = ~6.5;
dorsal stristum, AP = U L = -4, DV 4 puclets accumbens
{MNAge), AP~ +22, L= =14, lj\_f = ~03: prefrontal  corlex,
AP =432 Lo =10k DV = ~2.8 (Fig, 1), A surgieal serew served
as an anchor and the cannubag were fixed 16 the skull with agrylic
deital cémient. {n the dual-probe expefiments, one probe was placed 1n
Lhe TMN of every rat, willz second probe in oitg of [our locations
(NBM, dorsal stnaiem, NAccor preltantal cortex). I ihe sum_IL -prohe
expenticnts cach ral was imiplanicel with & single probein the NBM,
dursal striafum; NAve or prefrontal corlex.

In vivh microdialysis measurements of histamine:

The micradidlysis experimenis were performed 48 h afler surgery,
during whieh rats, housed one-per cage, recovered Tromr surgery. Rats

were handled for al least 4 days before experiments began, this
becoming acclimuitized fo human conlact. The stylel was removed
frorm (he puide ewmtilag, and he microdiatysis probes (malccuiar
wu"hl eui-off = 6000 Da, Metalant Swedent were: fnsericd: the
dialysing membrane protruded 2 mm From the tip ef the eannla,
Probes were perfused with Ringer’s soiution {in mwir NaCl 7
CaCly, 1.2; KCT, 4.0 at pti 7.0} at a flow tale of 2 JL/min using a
mu.rop\,rﬁmon pump {Camegic. Medicine, Sweden: Mod CMA/
100} Histaming release stabilized 2 he-aRer insértion o7 the micro-
dialysis probes, Al’lu this 120-min équilibration period, {Fadtions
were: collecied at 15-min infervilé. [n the dual- probe experiments,
both probes were pcriu_s::d with control medium in the first four/five
15-min fractions lo measure Biglamine spohtancous release; thio-

peramide or bicueuiling were ihen- added dnly Lo thé TMN-perlising

mediving Thiopermmiide or bicieulline were dissalved into  (he
Ringer's solution to -reach final coneeniralions of 300 ny -and
10 gy, respectively, Drags addilion did not mcrdll“) the pl! of the
medium. In the single-probe expetinienls the: bidin region ol iiterest

was perfised with céontrol mediom it the first five Tractions, and

Thioperaimidé (300 un) wes theén added to (he' perfusing medivm.
Flistaming sponfancous release was Jefined as the average value of
histamine levels in the Tour/five 15-min fractions colfeeted during
perusion with: Ritiger’s solution. prior lo-drg treatmerd, All fractions
were expressed as a putcnta;,(. of thig value. T provent degradalion
of Mstanting, 15 gl of 3 ma 101 was added 10 each sample, The
dialysates were kept at ~80°C until analysis. l)m;_,s were applicd in
Ringér's solulion.

Microdialysis and behavioural couplet! experiments

To “determine whether the sleep/wake bebaviour varicd with the
increase in TMN histamine retease induced by local perfision with
thioperamide, we measured the wake lime in a set of cight rats
implanted with a single wicrodialysis’ probe i the TMN aind perfused
with & mediom. containing thioperamide (300 nM) Surg,wal proce-
dures were the same as described above, The collection of perfusate

frowi the TMN started afler a 120-min equilibration period. The probe
was perfused with coplrel medinm for’a 60-min- fraction-lo nicasure

histarnine spontaneoys release: thioperamide (300 nw) wasthien added
io the perlusing medium for the foliowing 60 min: Simultaneously, the

‘behaviour of ¢ach animal was visually mdnitored by experieneed

individuals, blind 1o the cxperitiental ‘protoed, and cateporized as
“sleep” or-‘wake’, according to Ko ef al, (2003). Animals displaying a
curled pusturc with a tueked head and laif and closed cyes were
calegorized a8 sich Conversely, s animal was- calegofized as
Swake” 1 1 displayed upright postire or curled pasture. with open éyes,
body movements such as grooming, seratching, cating, standing,

suiffing, burrowing, adjusfing tail or head position, streiching, The

wiake time wag meisuréd wills & wmp\mlch and reporicd on special
{onmg, Expériments began at 10.00 h, and ended by 12.00 b, 1o linl
the inflyence of cireadiun faciors. Oue mt was exchuded fom analysis
beeanse ils time spent iv wakefilness during the 60'min under
baseling conditions was gichter than 2 standard devialions [rom 'the
sroup mean,

Det_erm:’na_r_fon of histamine concentration by high-petformance
liquid chromatography (HPLC)-lubrimelry

Mistamine contefits in the dialysaies were da_:tcir_m'i_nécl_!_jy LUPLC-
Auorimetry using & madified yersion (Cenpi ef of,, 2006} of the

‘protocel by Yamatedani oz of, (1985). Briefly, the cohunn {Tlypersil
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Fi65, 1. Schematic disgram and photoidicropaphs showing e position of the miérodialysis probes. In the dual-prohe ukptriments, s were implanted witli one
probe in the tberowmammitlary pucied (TMN) w deliver drags ocally.and mensure neurotansmiiter release, and another probe In-the prefrontal cortex. the nueleus
biagalis magnoee) s (NBM) tht duclens accambens (NAck) or Il]L dsrsal strfatum o measure hisiamine-release. In the 'sInL.](.-pl(ﬂJL‘ cxperiments, rats were
implanted with oné: pmhc iin the prefrontal codex, the NBM, the NAce or the dorsal striathm to diliver ihioperamide focally and reasure histaminc febease. A single’
probe was. implanted in the TMN when assaying the cffects ol Ahibperamide on TMN histamine felease and e iine speésit in. wakefuiness, Reprosentitive
Listological stractures showing the actual siie of probe placemment, Coranal seetions of} (A) prefrontal cortex; (133 NAse: (€ § NBM: (12).dorsal striatun; (B 3 TMN.
Hypothalanie seetions were inmunostained with anti-HEC afmibodics 1o identily the histiminergie nouvoni (anow} Anowlicads indicate the a'mcmdm[ym probic
trAces,

ODS, 3 pm. 1 % 100 mm; Therme Electron, Bellefonie, PA, Histology
USAY was chited with 0.25 & potassiuni dihydrogen phosphate '
conlaining 5% odlancsulphonic adid (Sipma) at flow rate of
0.4 ml/min. The cluate fram the column - was mitxed first with
0.1% e-phthalaldehyde. solution ot a flow rate of .1 mL/min m
then with -4 solulion containing 4. M sodiom’ hydroxide and 0.2 M
barie acid {Mow rate (.37 mL/min} to adjust the: reaciion mixture:
fo pil 125, Fhe reaclion tock place at 45°C., Then 17%
orlhaphospharic acid was wdded to ihe solution (flow rate
0437 mL/miny 14 reach a fnal reaction mixtire al piT 3, The
fluorescent  inlensily was  measured  wilh & speetroflurometer
{Agilent series  1100; -Waldbronn, Gcrman_y) al 450 nm  with
excitation at 360 im. Thc sensitivily limit was 0.010 pmol and A specific sot of three male Sprague-Dawley rals (250-280 g body
the simmdl/ndise miio wag Bighier Lhan 3, weight; Harlan, lialy) was angsihelized with chloral hydrale and

Thi placement of microdialysis membrancs was verified post miorfen,
Rats wete overdosed with chloral hydrate, the braing removed and
stored in 10% (ormalin for 10 days, Forfy-micrometre-thick seclions
were (hen eul 6n a eryostal, mounted on gelalin-soated slides and (lien
slained-wills Cresyl violet forlight microscopic observation. Data fioh
rats in which (he membranes were not correctly positioned were
discarted (< 109

immunohistochemistry
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perfused transcardially with 50 mlL ieesvold physiological saline
ollowed by 4% paratormaldelyde in 0.1 M phosphate buffer (PB), ptl

7.4, Braits were then postfxed in' 4% par:i'lbrm:lldchydc_ m PR ior2h
al 4°C. Braibs were ervoproteeted 4o 30% sucrage in PB, uitd 40-fui:
thick seelions were cul on @ cryostal imicrotome and colleeted in PR,
The locatton af the hislaminergic cells with respeet {o the microdi-
alysis probe was assessed by immunogtaiing hypothalamic seclions
with antibodies against histidine decarboxylase (HDC), the histamine-
-synthesizing enzyme, The sections: were. incubated will rabbit anti--
1DEC (1 : 1000; Acris, Bad Noubeim, Germany) ovemight al 4°C, -
then ingubsited with biotinylated anti-rabbit [gG-mtibodies (1 : 400;

Veetor) followdd by hoiseradish. peroxidase- LO]l_;_Lij:diLd avidin ageord-
g to the Vectaslain . kil {Vecior). Immunorcactive products were
visualized by incubation with 3.3*-diaminobenzidine,

For dotible- htbcllinb experiments, all immuoddtaining. procedires
weré performied on free-flosling sections. as previpusly déseribed
{Shenton ‘ef @f, 2005), with modifications, Bricfly, I]q-R anligen-
retrieval wag perforned in 50 mM sodium citrate (pH 8.3} at room
tempoerattire for 30 oxin, Tollowed by 30 min al 80°C.. Seétions were
“washed in Ths-bufidred saline (TBS) contiliing 0.2% Trilon X-100
before biocking in TBS conlaining 2% foctal call’ serum (FCS) and
:.2% Tween 20 for 60 min al coom temperature. Scelions were then
incubated in a cocktail of rabbit anti-113-R antibodies (0.3 pg/mwL)
dnd guinen pig anti-HDC {13 3000) primary antibodies in TBS

-caniaining 1% FCS pvernight at 4°C. Ribbit polyclonal aitibodies for
11;-R are directed agatnsl residucs 349358 ol the haman and rat F3-R
2007 Grandi et «l., 2008).

(Chazol et al, 2001 Cammon e, dl.,

HISTAMINE RELEASE
( % change)

~28% THIOPERAMIDE 300 ni

T
Al

Preabsorpiion experiments were carried out previously, and described
in Chazol et al(2001). Afler thorongh rinsing in TES, Scetions were:
incubumed in-CyI-canjugated donkey anti-rabbit 1gG (1 © 400; Juckson
hmimunoresearch, West Grove; PA, USA'] in TRS wmmnmg 1%, FC S
for -9} min 3l room l.un_pufilure. Aller extensive rinses in TBRS,
seclions were indubated in Aléxn Fluor 488-fabelled, goat anli-gitines
pig [pG (Molecular Probes, Eugene, OR, USA) diluted 1 1 50010 TBS
contdining 1% FCS for 90 min at room temperalure.. ARer rinsing,

sectfons were then mounicd on glass slides and coverslipped.

Etimination of anli-F;-R primary antibodies resulted in no immuno-
staining (no1 shown). ConTocal analysis was performed with a Leley
TCS SP5 confocal scuming  miicroseope {Leica, Mannhcim,
Germany), equipped with 2 HeNeAAr laser and a Leica Plan
Apo % 63 1.4 oil immersion objective. “To avaid bleed-throughi, green
{Alexa 488) and red {Cy3} fluorescent sigmals were acquired
sequéntially, using the 488-nm and 543-nm- ekeilation laser ling,
n.spea.lm.[y Series of optical sections (](174 * 1024 pixels, pixel size
204 nm) were collected through (iic cells at intervals of 400 nm.
Conlocal S1acks werc thén Gliered with an FFTGaged bandpass flier to
cut background ngise’ (structurgs down (o 20 pm and up o 204 nm)
and then. z-projeeted for visualizaton.

Statistical analysis
All values are exjpréssed hs: means = SE M, and the number of rais

used in each experiment is also indicated.. The presence of significant:
treatment ellects was frst determined by a ong-way ANOVA folfowed
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Figi, 2 Infuenee of Hinperamide or bicueulling administrtion- into the wheramammillary sdcleas {TMNY o Ristming releasi from the TMN arid the duclens
bd‘d‘lll‘\ magnocellulags (NBM) of (reely moving tais. Histmnine was measured in {5-min lractions and prrc:-,sct! ERR leLCl‘Eial.,L, af spoillaieotis relgase. Contral

varlues of spontancous release were caleulated forach. chpethinent by averuging he mean of four duitially collected 15-min samples. (A

A and B) Thioperanide, at a

concentrution ol 300 oM, wis infused o it TMN and histmnioe felease was wicaswred Trom the NBM (A) and the TMN (B), (C wiid D} Bicoeolline. ot a
concentrition ol 1 fou, whs inlused it the TMN,.and higtmine releass dasmeasured inthi. NBM (Chand TMN (D). Bass indicate the period of drug < application,
Shown-are means & SEM of four (A and B) and five (€ and 12 L‘{leIanL\ #EER GO0 ¥4 < 0.00 i last sample Before drug tEninient (ANDVA aid

Bonlerrani’s Tese).



by Bonferroni’s lest. Comparisons using napaired r-tesls were uséd o
assess dlfln,rm{,u within *sleep” or “wake” groups. For ali statistical
wesls, <0005 was considered slgluﬁcmt lFar clarity. we reported i
fgures and figure legends only the sigiificant dificrences font the last
sample. before drug ireatment. However. différences: were' significant
from w! buseline samples. Statistical analysis was perforned using
STATVIEW (Al)'lcus Coneepts; Bcrl\h,y, CA, USAD.

Chemicals. .
Bicueulline methiodide and thioperamide maleale were purchased
from Sigma (UK). All other redgents and solvents were of HPLC
aradé or the highest grade available [Sigma, UK

Results !

Afler 120 min of equilibration folipwing (he inseriion of tiz dialysing
membrines, histaming was reléased spontancously ut a stable rate
from all brain regions invesligated, Afler (his 120-min cquilibration
period, [raclions were collected at 15-min inicrvals. Hisiolopical
analysis confinmed (hat the probes werd loedied in the correcl arcas,
will no signs of unusual tissue damage or bleeding (Fig. 1),

Effects of lacal perfusion of thioperamide or bicucuiling
into-ihe TMN oir histamine reflease from the TMN and NBM

Aficr collection of four, 15-min baseline samples, ihioperamide or
bicucutiine were infused locally into the TMN, and histamine refease
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was monitored from both the TMN and NEM tsing a ‘double-probe
micradialysis protocol, As shown in Fig. 2A and B, 66- min perfusion
with 300 nn T.Ilt(lpi.l'}lrﬂldb induced a s15mﬁe1nl increase in histamine
release from boll (he NBM (ANOVA, Fyp g = TO861, P < 0.0000
and 1he TMN {(aNava, Fisg = 18574, P < 0.0001), Thmpcmzmdc

o 300 M s a sélective ‘m[ahonm/11wcrsc agonist .ol the .[1.-R

(Arrang ef al., 1987, Morissel et ol 2000} In the TMN the maximal
INCreass, zllmut-. 138 & 14%, was achieved ‘in (the fourth 13-min

Jraction collected afier onscl of he TMN porfusion with thio-

peramide, and hislamine refease was-restored 1o control levels during

subsequent TMN perlusion with control medinm. Hislamine sponta-

néous. release from TMN -averaged 6.037 2 0.004 pmol/15 mii
(= 4). All histaminergié neurons aré: locitlized in’ the TMN dnd,
supposgdly, histamine is released by shiort projections i ihe posterior

Typothalamus, where hlslﬁmmcrgm neurons have extensive axonal

arborizations (Inapaki ef ef.; 1988; Panula ¢ af, 1989a). listamine
reléasé. also neréaséd in the NBM, when thioperamide was infused
ity the TMN, and it reached a maxindl level ol approximately
103 & 5%, Flistamine oulput tended to remain elevaled for (he

duration of ihioperamide application lo the TMN, and then returned

sloivly 1o baseline values afler TN perfusion with thioperamide was.
complete.  Histaming $poniancous feéasy from NBM averaged
0.041 & 0.005 pmol /15 min Or = 4). A significant increase of hista-
mine release from the TMN was also observed during local per fusion
for 75 min with 10 ps bicucultine, a GABA a-R.aitagonist (Bowery
ef bl 1984 ANOVA, Fyj g~ 15778, F< (0001 I.lg. 2% The:
maximal increase was 102 £ 8% -(n = 5), Conversely, in the NIBM,

histamine sportancots release. was not modified by TMN perfusion

with bicseulline (Fig. 203, The mean-spontaneous release in (his sel
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Tic. 3. Iolucnee of thinperamide or bicuculline. administration inte the 1ubumlmmlmﬂ.u} niueleus (TMN) on. histamine relédse from the TMN and- the dorsal
striatum of Iregly woving rats, Histanyine was measured and caleulited ns desceibed in Fig. 2. (A and B) TMN.was perlused witli 300 M thioperamide, and

Bistamine release was niensured Froni the §
Tistanine releasi w % e wsured in thed

al steiatm (A) and the TMN (B). (C wid ) Bicucnlling, at a concentration of 19 M, was infused inle the TMN, and
1 siriatuin () find TMN (). Bars indicatg the peiond-of drug application, Shuwn are means + SEM af five (And Bjand

six (€ and DY-experiments, NP 20001 v, Last samiple betors drag treatment, (ANGVA and Bonleroni's tesi),



Wy

ol experiments was G100 £ 0008 pmol/ 15 min in the TMN, and
GO0 £ 0012 pmol L3 min i the NBM {5 = 5)

Perfusion of thioperamide or bicucuffing into the: TMN did nat-
modify spontaneous release Of histamine from the dorsal
striatum

Perfusion of the TMN with cither 300 ny thioperamide (Fig, 3B) or
10y bievieolline (Fig: 3D) increased significantly hisiaming release
fron the TMN (ANOVA, Fiiay = 12, P < 0.0001, and /7, g0 =.12.673,
0000 { ~respectively), wilh cdln_pa‘l_r‘abl_c magnitude and time course
1o studics shown in Fig. 2. Thioperamide increased histamine release
significanily; tp to- 109 9%, and bicuculling up v 130 2 17% of
vespective basal levels, The meaiv histaming spontancous release from
{he TMN was 0.041 £ 0.605 pmalZT5 min in the experiments with
thioperamide (5= 3 }, and 0,046 £ 0,004 pmol/15 min in those with
bicuculling (s = 6). Histamine levels retrned to basal values during
washoul of "(lie” compounds. However, ncilher thioperamide nor

bicuculline; infused o the TMN, produced any change in the rélease -

of histamine from the dovsal striaium iFig, 3A and C). Histarhine
spontancous  release  from ihe dorsal sliatum  was  0;044 &
0:004 pmol/ {5 min in the experiments wilh thioperamide {n = 5)
wnd 0,049 2 0.004 pmal /15 min in those with bicueulline (7 = 6).

Effects of local pierfusion of thioperamide or bicuculline

into the TMN on histamine release from the TMN and NAce
When thioperamide (300 ny) was added. w0 the TMN-periusing:
mediom for 60 min, hislamine relepse from e TMN lnereased

significantly by 1 indxinum of 109 & 1195 (ANova, Fyyw = 22.357,

P 0.0001), bt was nol gignificantly changed in the NAce (Fig. 4A

and B} Ingreased histamine levels persisted during perfusion with
thioperamide, afler which basal histamine Jevels were quickly altained.
The mean spontancous relcase of hiskintine was $.043 £ 0.004 pmol/
13 min in tic TMN, dand 0.037 4 0.004 prol/15 min in ihe NAce
(1 = %) Conversely, perfusion of the TMN for- 75 min with 10 M
bicuculline increased significantly the sponlancous relcase of hista-
mine fiol only from. e TMN LANOVA, F e+ 27589, P < 000011
Fig, 4B, but alie from the NAce {ANOVA, Fyyap = 13.445,

P 00001 Fig. 4C). Histamine maximal increases were, respee-

tively, 99 & 5% m the TN, and 123 & 8% in the NAce. Histamiic
oufput refuenid slowly 1o bageline values afler TMN perfusion wiih
bicueulline was complete. Histamine sponlancous télease averaged
0.044 £-0,003 prvgd/15- min Trom the TMN, and 0.035 £0.002
pruol#15 min frem the NAce (n = 6).

Local perfusion of thioperamide or bicuculline into the TMN
increased histamine spontaneous release from both the TMIN
and the prefrontal cortex

Applicition of cither thioperamide (300 aM) or bicuculliie. (10 g} in
the TMN eliciled o significanl increass of histaming release from both
the: TMN (ANOVA, Fyyas = 8266, P < 0.0001, and F 45 = 17.559,
P 80001, respectively) and ihe preliontal corfex  (ANGVA,
Flas = 8387, P< 00001, and Fiy gy = 11,395, 7 < 00001, respee-
tively), In.the TMN, Gioperamide and bicuculline produced magimal
increases of 110 £ 13% {Fig, 5B) and 106 4 12% (Fig. 5D}, respec-
tively. The mean spontancous release ol histamine (rom the TMN was
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P4, Tnfluenee ol thioperamide: or-bicaenlline adminisitation into the suberemamimillary hueleus (TMNY on fistamine release from the TMN and the nucieus
accumbens (NAcch ol eely moving rais: Histanine:wis measured and eatoulated as descithed in Fig, 2, (A and B) TMN was perfused with 300 nat thiopermide,
imd histamine reledse was easured fom the Nace {A) atd the TMN (). (€ and D) Bigtienlling, at 2 dondentration o 10 g, svas-infused fnto thy TMN,
and higtamine releise was measurgd in the NAce {C) and TMN (D). Bars indieatetheperiod of drwg application. $hiown are-menrns 2. SEM ol ¢ight (A and B) and six
{1 and 1Y) experiments, * %50 < 0,001 ve last sample-before. drug treaunent {AN0vA and Bonlerrond's test).
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P15, liflueace of (hioperumide or bieucilline administration ato the mbcmnnlumd'hry nucleus (TMN) on ligtanting release from the TMN and the prefrontal
cortes of fncly maving rals, Histamine was measured and r:nic,uht(.d as deseribed in Fig. 2, (A and B) TMN was perfused w s 300 oal thipperamde, and histumine

release wis meastred from the prefiuntal cortd

Jand the TMN (B} {Cand Dy Bzcucullm-.., ala coniecniradion of 10 g6, was nfused into the TMN, and Tristaimine

ielease was meastired in the prefrontal cortex (C) and TMN (D)), Bais mdicate thie péricd of drug application, Shown ard means = SEM of fve (A aid 13) and five
(€ andd 1Y cxperiments, AP o (001 vs. fast sample before drug treatiment {AnOvA and Bonferroni's fesl),

0.042 4 0,004 pmol/15.min. in the experiments. with hioperamide
(n = 5), and 0.046 £ 0.003 pmol/15 min in those with bicucuiline
(= 35). In the |3rLf'mnlal corley, thmpcmnudu dnd Blevewlline. fpro-
duced .maximal ‘incrcases ol 136 & 30% {Fig. 3A) and 101 & 34%
(Fig. -3D),. respectively. The mean sponilaneoys release ol histamine
from (he prefrontal cortex - was 0,042 £ 0.003 pmol/lS min. in the
experiments will th;{:pcramtdc {(n=5) and 0.033 20,004 pmol/
15 niin iy those vith bicucolling fn = 5).

Single-probe experiments: local perfusion with thioperdmide
incredsed histamine spontaneous refease from the NBM .and
ihe prefrontal cortex, but neither from the dorsal striatum nor
the NAcc

Fo. axplore the local effects of [13-R blockade in the histaminergic
projection arcas, edeh rat wiis implanted in'the NBM, dorsal striatum,

NAge or prefrantal earlex with a sinple probe wsed to simulimiepusly
adminisier (hioperamide and monitor local chan;_,e:, i histamine
release. A G0-niin application of thioperanyde (300 nM) in the NBM
cliciled & significant, irangienl indredse of histaming rétlease {ANOYA,

Fyyaee = 20199, P < 000010 -with a maximal value of 130+ 10%
(IFig. 6AY, The mean spontancons release of histanyine {fomn the NBM
was -0.050 £ 0,005 pinal/F5 min (7= L0 A similir elféel was
observed when the refrontal cortex was perfuscd with lhmpcrmmdc

When (his drug was added o the medium. erI'uqmg the prefrontal
cortex al lhe concentration of 300 na for 60 min, histamine sponti-
‘neous release  inereased  significanily  (ANOVA, 3962,
P < 0.0001), wilh a _m;}xinmm of 87 £ 8%, The twean average

Fiiaa ™

spontancous release was .040 4 0.004 pmol/15 niin (# = 3). Misla-
mite spontancous telease returned o bascline levels aller perfusion
wiih (hioperamide was complete (Fig. 6C). Conversely, perlusion of
{the NAce (Fig. 6B) or the dofsal steatum {Fig. 62} Tor G0 min with-
300 nM  (hioperamide had no significant elTect ‘on spontaneous
Jhislamine rélease. The-changes {n spantaneous histamine release wore
always willin thé range. of variability (approx. 20%) ‘observed
between individudl [5-min collettion periods during perfusion with.
cantrel medium, The mean spontangous release ol histamine was
0.037 + 0.003 pmol/l% min from the NAcc {n = 5) and 0.045 &
-0:009 priaot/15 min from thie dorsal stifatiim (7 = 4).

Unilateral, local perfusion of thioperamide into the TMN
increased histarnine sponfaneous release from the TMN and
‘the' time spent-in wakefulnéss of freely moving rats’

Under baseling conditiony during micradislysis experiments about
0% of the rats were guicscent.or sleeping during the entire period
prior to drig freatment, To undersiand the profile o wake behavioiir
‘in thioperamide-treated rafs, “we pérfonmed a sel of experiments
spccnhcally aimed at establishing. the (otal tme: spent in the awake
siale for 2 h, that fs under Gascling conditions ( TMN-perfusion with
contrel medipnt} for the first 60 min and during wilateral TMN-
pertission “with thivperamide (300 uM) i the following 60 min,
Stmulnnwusly, we determined the level of histamine release Trom
the TWN. Experiments were pecfgrmed between M0 and 12,00 b
1o redice the influence of circadian phases, As shown in Fig. 7,
perfusion of the TMN wilh 300 nM {hioperamide increased signil-



1501
1251
1001
751
50
1l 25°
7]
N 0
AT
e -25- :

m r L] L] l L} L] L] L} L} L} L} L]
W £ 0 30 60 90 120 150 180
= 32 TIVE (min)

E St
T B NAcc

C CORTEX

% ¥

1001

THIO

0 30 60 90 120150 180
TIME (min)

STRIATUM

0 30 60 90 120 150 180
TIME (miin)

0 30 BD 90 120 ‘150 180
TIME (min)

Fia: 6, Liffects of local pLFlIJbI(!II with thioperaniide on histunine release ftom the nuckens basabis magnoeelutarly (NBM), the aucleus acctunbens (NAce), the
prefiontal cores and the dorsal stiiatum.of freely moving rats: single-probe experimenis, Each rat was tmpl.nmcd in tiie NBM (A} NAce [B} prefrontal cortex (Clor
dorsal suiatuin (D) widi - single probe used © ﬁll‘l!llildl‘l(.nu‘lly administer lhlopmsmld( laeally and moniter changes in histamine release. Control vakues of
SPOMANEoUS releass were Cﬂ]culalt.d for each experinent by averaiting the mean of five initially tallected 15-imin samples. The different TCRIONS Wte per fusad with
300w thioperamide for 60 in.: Hars indicdte the peviod o drtig applieation. Shown are means & SEM o0 10 (AY, five (), thired (C) and Thar (D) ekperimonts,

#4P w2 001 s, fast sample before drug freatment (aNGva and Bonferoni's Lest).

fcantly TMN histamine release Trom 265 31 finol/60 min (o
530 + 46 fmol/60 min (= 7, unpaired -est, < 0.0005), aid
the time spent in wakelulnesy from 78+ 20 40 290 £ 96 5 (r = ¥
unpaucd fest, P < 05}

Has-A immunostaining in the posterior hypothalamus

The pattern of M-R immunostaining in coronal sections -of rat brains.

wis comparable to that previcusly reported (Chazot et af., 2001:
Cannon e al, 2007). Thc dwlnbulmn of 1s-Rs on. histaminergic
NELTONS in thc posterior hypothalamus was exantied by petlomniing
dijuble-immunstlurescence tabelling ol hypothalamic slices with a
combiration -of ant-11:-R mid anG-UDT antibodies, e laller 0
identify histaminergic neurons. In the Gz
TMN, HDC-immunoredctive neurdns are densely prcked and 1{-R
immunostaining i refatively dénsé, All HDC-posilive eells displayed
H-R-immunoreactive product (Fig, 8).

Discussién

All hislaminergic axons origingte from the TMN (0" innervate several
brain regions, including the hypothalaug, N BM, NAce, \1rhtum and
prefrontal corlex {Inagaki ef af, 1988; Panula ¢r afl. 1989} These

nogiceplion, ‘cognilibn and emotion (Brown er al., 2001;

33 subdivisions of the

leatures are consistent with histamine functional influence over a host
of physiologicil processes, such as sleep-wake cyale, appetite,
Hans &

Panula, 2003: Passani of al., 2004). However, histaminergic nourons

have been regarded as:a single Tunctional Ghit acling as a régulaiory

nétwork for wholebrain aclivity (Wada ef al. 1991). Here we
demonstrale that responses 10 Fiz- or GABA AR anlagonisis dilfercn-
tiale histaminergic neurons aceording to their projection areas, This is

the firsl cvidence that they-are organized into. funétionally Histinel
cireuils impinging on differefit brain regions, and displaying selective
contro! mechanisms.. The histaminergic neurons firg at a rafe i can

vary, depending on the hehavioural state; and the TM neurons. are
anddor-the, i"u:dhaék éontrol of (he [y awlordceptor (Hans & Panola,
2003). Ca ” K" and Na' membiaiie’ conductances maindain a stable,

_p_;q.n].ll\.t_.r-h__k_e firing patiern inlrinsic ta_histaminergic neurons {Haas

& Refner, 188 Stevens & Tlaas, 1998), 113-Rs on neuronal somala
provide a tlonie infiibition, as the H;-R anlagonist ihioperamide

‘enlianges neuaronal firing (Maas & Panuls, 2003} by modulating inwird

Co™currents (Reiner, 1987; Stevens et af, 2001). Hy-Rs .ure -also

spresent-on presynaplic terinals (varicosities) o histaminergic axons.

wherd {2y restrict higtaming syriihesis and release (Arang et al.,
F983, 1985} Therefore, blockade ﬂl‘ somatte -and presynaplic
Hz-autoreceplors converge in au,gmmlmg, histamine levels in the

synaplic elefl,
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Fic. 7. Influence of thioperamide administration into the TMN on histamine release from the TMN and time spent in wakefulness. Experiments were performed
between 10.00 and 12.00 h. Histamine levels were measured in the absence and presence of thioperamide. Rats, implanted with a single probe in the TMN, were
initially perfused with control medium for 60 min (basal), then with a medium containing thioperamide (300 nM) for an additional 60 min. Simultaneously, the
waking time of cach animal was measured by experienced individuals, blind to the experimental protocol. Shown are means + SEM of seven rats. *F < 0.05;

kP < (0,001 (unpaired r-test).
I
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FiG. 8. Distribution of H3-R on TMN histaminergic neurons. (A and B} HDC-positive cells in the E2-E3 subdivision of the TMN showing Hs-R fluorescence; (C
and D) high-resolution z-projections of Hy-R expression in the HDC-positive neurons selected in (B). Observations were repeated in three rats with similar results.
Calibration bars: 160 pm (A); 40 pm (B); § pam (C and D).

Double-probe microdialysis in freely moving animals provides a short projections that form extensive axonal arborizations in the
powerful means for defining the dynamics regulating histamine release posterior hypothalamus. Because in the present study thioperamide
in discrete brain regions. TMN histamine is probably released from was applied locally to the TMN, histamine increase was the

P PR



consequence of blocking botl somatic and prnwmplit-I-l}-.mlm-.up-
lors, clhlll}ll!.h the |1a|m,1pdilm1 of Un!y one -cdmponen cannidd bi
excluded,

Folldgwing Wioperanide administration inte the TMN, histamine
releage was significantly increased i the NBM and prefrental
cortex, This was likely dug {o dmhdrgc potentiation of hisfanting
newrons sending alferents (o {Aese repitng. Adialogousty, stimulation
of the TMN with. prostaglandin-Ex (Lluang ef of., 2003), droxinA
{Titang e af, 2001} or endocannabinoids: {Cemni o1 af, 2006)
increased histamine release from diserete brain regions, a8 a resalt
of histamingrgic projegiion aclivation. The NBM and coriex: receive
a very dbuidant. histaningrgic innervalion {Panula et uf.,, 19895},
and display both high 1-R binding and gene imnhcnplw {Pillol
& al., 2002). Aucordmgy, single-probe microdialysis ekperimenis
shbwcd ihat administration -of thioperamide in the NBM or
prcﬁonldl carics, augnienied significanily histuming reliise within
these regions, an offect that can be explained by hlockadc of local
ITy-attoreceptors.

It {5 generally -assumied ihai all histamineigic neurons expiress
‘Hs-Re; and responses to Hy-R ligands is a criterion for (heir
identifcation .t i, Surprisingly, dwing TMN perfasion with
1111;§|}cm111idc histamine Ievels romained stable in the dorsal strialum
and NAce, despite ibe ._fac_l that these brain arcas veceive histamiizcr_g_ic
innervation {Panula et af. 1989b). Under. the samie cxperimenial
ctinditions, anoiher Hs-R- antagorist, GSK189234 (Medhburst: et ul.,
2007), flilfy mimicked thieperantide- actions (Giannoni ef «f,, 2007),
Qur.resulls indicate thal histamine neurons projecting 1o the siriafum
and'NAce are insensitive lo thioperamide. Although the perfusion site
was close Lo the ventral, and far from the dorsal dnd rostral TMN,
“spatial sezreiration due-lo probe localization daes niot explain (hé lack
of response. In fact, retrograde lmeing with.<ye injections into the
sirialwy or pr{,l'rom'll cortex showed thal most histaminersic somaia
dre within the medial part of the véatral TMN (Kiohler e al., 1985),
This roximily suggésts that hisiaminergio sonuta projecting (o the
striatum and prefronial cortex had.ihic same cxposure to thioperamide,
but were nol affécted i the same wity, Morcover, bicucuiline
adminisiered ulo the TMN aigimentéd significanly histamine releasé
from the NAge. Under the same expérimental conditions; TMN
perilsion wilh cannabinoid: receptor | agonisls incroased histamine
release Trom:the dorsal stristum (Cenni-ef af.; 2006}, Noticeably, also
the-local perfision of {hic sirfatum or NAce with 1hioperamide did ndl
madily histamiine release, (hus indicading that ihe whole somiatoderi-
dritic domain.of histaminergic neurons projecting to these rogions is
insensilive lo Hy-R antagonists, Accordingly, lesion -experiments
indicale thal thé vast majority ol Hz-R$ in the NAce and striglum are
not assopciated wilh histaminergie fibrés (Cumiming et o, 1991
Pollard e al, 1993}, which is consistenl willi high. densities ‘of
mRNAg tevels in the same regjons (Cha/ot et al., 2000 Pilot ef af.,
2002: Cannon ¢ ¢f., 2007, sugy nesling a posisynaptic locakization af
‘these receplors.

Several Hy-R. isoforms have bea described, including H-ransmem-

brane-domain isoforms facking functiona responge 1o Hy-R ligands in’

recgmbinant.cells {Bakker-er af.; 2006). All HDC-positive tell bodies
cxhibited H-R imniunoreactivity, but the. antibodies available do nit
discriminate between isoforms (Chazot ef wl.,
insensilivity lo thioperamide may depend on high exprossion of
particular isoforms.

GABAergic mpls from the ventrolateral ]'llCDptIt nueleus innervale
histaminergic neurons (fricson, 1961 Sherin ez ., ‘)9‘%) GABAA-R
activaiior ‘inhibils directly histaminerigic cells fiving raie (Yang &
Hattor, 1997; Stévens e al, 1999), whereas inhibition increases
515,111ﬁ¢,d1111y TMN histamine release. (Cennt-er «f, 2006). In the

Haiton,

2001): Hence, in vive

presont study, bicueudling is incffective on TMIN nearons prajeciing to
the NBM, ag shown proviously (Cenni er of, 2006), dnd strialuim.
Conversely, TMN, perfusion wilh bicuculline significantly increased
Histamine |'c|e:1‘.u Trom iheé NAce and preﬁunt.ll corlex. These
differences are consislent with previous findings. Functiofal hetero-

_Eencu} af GABAergic synaptic pota.nhah ariong  histaniinergtic

neureas was found following stimulation of the didgonral band of
Broca; antero-lateral hypothalamus or lateral preoptic arca- {Yang &
9973, histaminergie newwons. display different degrees of
GABA sensitivities depentling on, GABAL-R subunil -éxpressions
(Sergeeva eral 2002, 2005}, The novel finiding here is that sensifivity
1o biguculline relates 1o TMN nevrons lieterogencity -with respeet (o
projection fields,

Unilsteral, intra-TMN -admitiisiration ol thigperamide elicited a
significant inercase off TMN histamise releage, but only a moderaig,
afthough significint, waking, elfect, Thiopeéramide increased refense of
histaniine [font the prefromal cortex and NBM, two bmin regions with
prominent roles in histamine waking action {Chu et af, 2004 Ramesh
¢t al., 2004). However, a redent feport showed that ohly a relatively

low lgvel of cumulalive wake activily for fioperamtide was Linearly

carrelated with upte 80% of the receitor oveupancy {Le et af., 2008).
In conirast, an. abrupt break from lincarity and a robust increase of
waking 'lclmty ways observed at doses thal produce groater (ap 80%
ﬂccupdncy (Le et af, 2008).. Our rebulls suppest a relatively ‘small
increase- of waking acimty that may be cotsistent with-the low level

of receptor occupaney achievable with unilateral adminigtration of the

drug.
In conclusion, the present data suggest that hisimminerpic neurons
are not uniform; and ihat they esiablish lunctionally dislinel pathways

yecording 1o their terminal projections, thai are sensitive {o selective

pharmacological manipulations, and relaled o independent. Rinctions.
Furihgt studies are véquired to wmderstand the full implications of such
fuictional hetcrogeneity of: higtaminergle neurons, cspecially alfer
gystemic atministration of Hy-R antagonisis, given theirpotontial for
trealing .4 number of” iniportant human discasey {Esbenshade ef al.,
2008). '
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