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Summary. [t is well recognized that the immune 
response is under the influence of a variety of neural or 
neuroendocrine mechani sms. Much less studied is the 
poss ible influence of the se mechanisms on hemato
poie s is. He re [ review the existing evidence about a 
neural and/or neuroendocrine regulation of hemato
poies is. The physiology of the blood forming system 
seems to be controlled at three levels, i.e. at the cellular 
level by the bone marrow stroma , at the humoral level 
by hematopoietic cytokines and finally by catechol
amines and ne uroendocrine factors. Bone marrow 
catecholamines originate from sympathetic nerve fibers 
and from hematopoietic cells directly. Catecholamines of 
neural origin show a circadian rhythmicity. Adreno
ceptors present on bone marrow cells include the a 1-
sUbtype which seems to mediate the catecholaminergic 
control of hematopoie s is. Neuroendocrine factors 
including substance P, neurokinin-A and the pineal 
hormone melatonin might also influence hematopoiesis 
by affecting hematopoietic cytokines. In particular, 
melatonin seems to affect hematopoie s is via the 
induction in bone marrow T-helper cells of two novel 
opioid cy tokines . A complete understanding of the 
neural and neuroendocrine regulation of hematopoiesis 
might provide new conceptual and therapeutic 
perspectives in a variety of hematopoietic and immune 
diseases . 
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Introduction 

The ex istence of a common messengerlrece ptor 
network between the central ne rvou s system and the 
immune sys tem is today beyond any doubt. Cytokines 
which play a crucial role in the immune response may 
also be produced in the central nervous system and affect 
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neuroendocrine functions. Neurohormones may, in turn, 
be synthesized by immunocompetent cells and affect 
immune functions (Ader et aI., 1995). On the other hand , 
almost all cytokines have been shown to affect the blood 
forming sys tem. The link between the nervous and 
neuroendocrine systems and hematopoiesis seems thus 
straightforward. However, the experimental ev idence for 
any neural or neuroendocrine/hematopoietic relationship 
is scant. Hematopoies is depends on a highly complex 
series of events in which a small population of stem cells 
needs to generate large populations of maturing cells 
(Galindez and Aggio, 1997). The diverse differentiative 
and proliferative events as well as entry of mature cells 
into the circulation and their se lective localization in 
appropriate ti ssues require a sophisticated regulatory 
control. Such control may well include neural or neuro
endocrine mechanisms. Lymphoid tissues including the 
bone marrow are directly innervated (Felten, 1993). 
Ne uropeptides and/or neurotransmitters have been 
reported to influence hematopoiesis via induction of 
hematopoietic cytokines (Rameshwar et aI., 1994; Ader 
et aI. , 1995). Consistent with the concept of a neuro
endocrine immuno-hematopoietic network , hormonal 
and neurotransmitters receptors have been described in a 
variety of immuno-hematopoietic cells (Feldman et aI., 
1987 ; Malec and Nowak, 1988 ; Spengler et aI., 1990; 
Ader et a!., 1995). Very little is known about the 
presence of such receptors in neoplasias of lymphoid 
ti ssues. However, the most widely studied molecule on 
the surface of human leukemic cells, i.e. the common 
acute lymphoblastic leukemia antigen (CALLA, CDlO) 
has been recently found to be a neutral endopeptidase 
(E.C.3.4 .24.11, enkephalinase) which may suggest an 
unknown hematopoi e tic function for en ke phalin 
containing peptides (LeBien and McCormack, 1989; 
Delikat et aI., 1994). Consistently, it has been recently 
reported that enkephalins may influence long-term bone 
marrow cultures (Krizanac-Bengez et aI., 1994). 

Beside lymphocytes and macrophages which are 
involved in antigen-specific immune responses , neutro
phils constitute the first defence line in case of infectious 
events and eosinophils have recently appeared to exert a 
cytotoxic action against tumor cells . Granulocytes are 
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short -li ved ce ll s with a renewing-time of about 24 hours. 
A lte rations o f myelopo ietic function are thus mirrored 
immedi ate ly in alte red blood counrs as occ urs during 
acute infections. Relevant to the topic of thi s rev iew, I 
am not aware o f any s tud y abo ut a poss ibl e ne ura l o r 
ne uroendocrine (s tress) influence o n mye lopo ies is e ither 
in ph ys io log ic al o r in p a th o log ica l s itu a ti o ns 
(i nfec tions) . 

Catecholamines and hematopoiesis 

We have shown that chemical sympathectomy by 6-
hydroxydopamine or administration of the a I-adrenerg ic 
antago nist prazos in enhance mye lopo ies is and exert an 
inhibito ry e ffect o n lympho po ies is (Maes tro ni et a I. , 
1992; M aes tro ni a nd C o nti , 1994 b ). These res ult s 
suggested that the function o f the blood- forming syste m 
is und e r a sy mp a th e tic ne r vo u s reg ul a ti o n . S uc h 
regul ati o n mi g ht be e xerted direc tl y o n bo ne marrow 
cells or indirectly via other mechanisms . To veri fy this, 
we in ves ti ga ted whe the r udre ne rg ic ago ni s ts co uld 
influence hematopo ie ti c functi ons in vitro . As a matter 
of fac t , we fo und that w hen add ed direc tl y in bo ne 
marrow cultures, adrene rg ic agonis ts proved to inhibit 
the number o f GM-CFU (Maestroni and Conti , 1994a). 
Also, the a I-selective adrenerg ic agonist methoxamine 
and to a mu ch lesse r ex te nt the a2-agoni st c lo nidine 
proved to exert an inhibitory ac tion when added in the 
GM-C FU assay (M aes troni a nd C o nti , 1994a). Th e 
re la ti ve p o te ncy o f th ese adre ne rg ic ago ni s ts in 
inhibitin g th e numbe r o f GM -CFU a ppea red to be 
norepinephrine > methoxamine > c lonidine (Maestroni 
and Co nti , 1994a). In other e xperiments, a -adre nerg ic 
antagoni sts such as prazos in , phento lamine or yohimbine 
were compared fo r their ability to co unte rac t no repi
nephrine and the re lati ve order of pote ncy was prazos in 
;e: phe nto la mine > yohimbine (Maes tro ni a nd C o nti , 
1994a). These results were consistent with the presence 
of a I-adrenerg ic receptors (a l-A Rs) o n bone marrow 
ce ll s. As a matter of fac t , a computer-ass isted non-linear 
reg ress io n a na lys is of the iso the rm bindin g of 3H_ 
prazos in revea led the prese nce of two sa turabl e and 
spec ific binding s ites (Kd high: 0 .98±O.32 nM ; Kd low: 
55 .9±8 .2 nM). Co mpetition experiments performed with 
a varie ty of a -adrenerg ic agonists and antagonists gave 
IC 50 and Kd va lues which were compatible w ith the 
prese nce of a hig h affinit y a I B-AR o n bo ne marrow 
ce ll s (Maestroni and Conti, 1994a) . The rema ining s ite 
was of less c lea r c haracte ri za ti o n and th e res ult s 
obtained were compatible with a lo w affinity a I -AR. 
Se para ti o n of b o ne m a rro w cell s by co unterfl o w 
centrifugal elutriation resulted in separati on of the two 
A Rs, w ith th e a I B-AR be in g pa rtially e luted in a 
lympho id frac tion conta ining no blasts and no assayable 
GM-CFU (Maestroni and Conti , I 994a) . Further studies 
sho we d th a t th e hi g h affinit y, a I-AR is present o n 
loose ly adh e re nt Mac I-B220+s lg M - ( pre- B ) ce ll s. 
Conve rse ly, the low affinity a I-AR seems to be present 
on Mac l+B220- ce ll s (Togni and Maestroni, 1996). We 

also showed that norepinephrine administrati on in mice 
rescued hematopo ies is from a lethal dose of the non ce ll
cyc le s pec ifi c c hem o thera pe uti c age nt ca rbo pl a tin . 
Pro tec tio n of granulocyte/macrophage colony- fo rming 
units (GM-C FU) was a lready apparent a few hours after 
carbopl atin and norepinephrine treatment. O n day 3 . the 
hematopo ie tic rescue was refl ec ted by higher le ukocyte 
and plate let counts. At its most effecti ve dose (3 mg/kg, 
s.c .), norepinephrine protected 77% of the mice injec ted 
i .v. w ith 200 mg/kg o f carboplatin (LD 100: 170 mg/kg). 
Th e s imult a neo u s admini s tra ti o n of th e a I- A R 
a ntagoni st prazos in broug ht the perce nt of s ur viving 
mice dow n to 30% indi cating that a I -A Rs medi a ted 
mos t of the no re pin e phrin e -indu ced he mato po ie ti c 
rescue (Maestroni et a!. , 1997b). Consistentl y, prazos in 
administration also reduced blood counts and GM-CFU. 
In vitro . no repinephrine ( ljlM ) rescued GM-CFU in BM 
ce ll s a nd thi s e ffec t w as co unt e rac ted by low 
concentrations (0 .1 nM- IOnM) of prazos in (Maestro ni et 
a I. , 1997b). More recently, we demo nstrated that murine 
bone marrow contains a substantial amount of catecho l
a min es. No re pinephrine ( N E) a nd d o pa min e (D A) 
sho wed a c ircadian rh ythmicity w ith peak va lues during 
th e ni g ht. The rh y thm was di s rupted by c he mi ca l 
sympathectomy while epinephrine (E) did not show any 
rhythmic ity or sensiti vity to 6-hydro xydopamine . NE but 
no t D A a nd E wa s p os iti ve ly assoc ia ted w ith the 
propo rtion of ce ll s in the G2/M and S phases of the cell 
cyc le (Maes tro ni , 1997 ). Mo reover, NE and DA were 
fo und in bo th sho rt -te rm and lo ng- te rm bo ne marrow 
c ultures. These findin gs indi ca te that e nd oge no us 
catecho lamines in the bo ne marrow have both ne ural and 
ce llula r o rig in (Maes tro ni e t a!. , 1997a) . As the NE
induced inh ibitio n of he mato po ies is may presum abl y 
take a few hours to reach its max imum , we are tempted 
to speculate that NE is in vo lved in the synchroni zation 
of the ci rcadian periodicity of hematopoies is . Although 
further studies are clearly needed to clari fy thi s point , it 
is interes ting to note that the hematopo ieti c acti vity in 
rodents and humans presents opposite acrophases which 
are synchronized with the rest-acti vity rh ythm and hence 
wi th the rhy thm of sy mpathe tic ac ti vity (Aa rda l and 
Laerum , 1983; Haus et aI. , 1983; Smaaland et a!. , 199 1). 

The fact that bone marrow cell s seem to be able to 
pro du ce ca tec ho la min es is a lso indi ca ti ve fo r a 
phys io logica l role of these substances in hematopo ies is. 
The ce ll ty pe which may produce catheco la mines are 
unkno wn . It has been recently reported that catecho l
a min es a nd th e ir me ta bo lites a re prese nt in s ing le 
ly mphocytes and ex trac ts of T- and B-cell c lo nes and 
down-regulate lymphocyte funtion via an autoc rine loop 
(B e rg qui s t e t a I. , 1994 ). Th e re fo re, bo ne m a rrow 
cathecolamines might deri ve, in part , from bone marrow 
ly mph ocy tes o r f ro m th e ir prec urso rs. B o th fo r 
ly mph ocy te fun c ti o n a nd he mato po ies is the ro le of 
catecho lamines seems to be inhibitory (Maestroni et a!. , 
1992; Be rgqui s t e t a!. , 1994 ; M aes tro ni a nd Co nti , 
1994a,b). To mention just one recent finding, in the case 
of he matopo iesis, thi s inhibition might be explo ited in 
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modulating the bone marrow sensitivity to myelotoxic 
anti-cancer drugs (Maestroni et aI., 1997b). 

These results emphasize the importance of the 
functional role of catecholamines in hematopoiesis. 
Much work is required to further examine this aspect of 
hematopoietic regulation . 

Neuroendocrine influence 

The retino-pineal system functions as a resetting 
system which synchronizes the organism with the 
photoperiod (Yu et aI., 1993) . The synchronizing signal 
is constituted by the indoleamine melatonin which is 
synthesized and released during the night hours in all 
species upon activation of pineal Bl and al adreno
ceptors (Deguchi and Axelrod. 1973; Yu et aI., 1993) . In 
our studies on the immunoregulatory role of melatonin , 
(Maestroni, 1993) we found that this pineal hormone 
may rescue hematopoiesis in mice transplanted with 
lewis lung Carcinoma (LLC) and treated with cancer 
chemotherapeutic compounds (Maestroni et aI. , 
1994a ,b). The hematopoietic protection in vol ved the 
release of granulocyte/macrophage colony-stimulating 
factor (GM-CSF) from bone marrow s troma upon 
stimulation by a Th cell factor induced by melatonin 
(Maestroni et aI., 1994a). This factor was immuno
logically and biologically indistinguishable from inter
leukinA (llA) (Maestroni et aI., 1996). Nevertheless, 
further investigations aimed at veri fying the melatonin
ILA connection failed to confirm this finding. Instead, 
we found that this Th cell factor was constituted by 2 
cytokines of 15 and 67 kDa MW with the common 
opioid sequence (Tyr-Gly-Gly-Phe) at their amino 
terminal and a carboxyl-terminal extension which was 
recognized by both anti-ll-4 and anti-dynorphin B 
antibodies (Maestroni et aI., 1996). Both activated lymph 
node Th cells and bone marrow Th cells released these 
opioid cytokines which were named melatonin-induced
opioids (Mia) (Maestroni et aI., 1996). Due to their size 
and unusual immunological characterization, the Mia 
might represent novel opioid cytokines. The lower 
molecular weight MJa (Mia-IS) seems to mediate both 
the immunological and hematopoietic effects of 
melatonin (Maestroni et aI., 1996) . This finding is 
consistent with our previous result concerning the ability 
of the kappa-opioid antagonist dynorphin to mimick the 
effects of melatonin (Maestroni and Conti, 1989). 
Interesting enough, in contrast with peripheral Th cells, 
bone marrow Th cells do not seem to require any 
antigenic activation to respond to melatonin. This may 
refl ect an inherent difference of bone marrow Th cells 
from peripheral Th cells and a physiological requirement 
for sustained melatonin regulation of hematopoiesis. A 
finding which may s upport this is that endogenous 
melatonin may stimulate propiomelanocortin gene 
expression in rat bone marrow (Ways and Gupta , 1995). 
This finding is germane to our studies on the hemato
poietic action of the melatonin-MIa network (Maestroni 
et aI., 1994a ,b, 1996). Most recently, we performed 

experiments in which we compared the ability of 
melatonin to protect hematopoiesis in LlC-bearing mice 
and in tumor-free normal mice treated with the cytotoxic 
drug cyclophosphamide. This experiment was suggested 
by the fact that melatonin added in GM-CFU cultures 
could directly enhance the number of GM-CFU but only 
in presence of suboptimal concentration of colony 
stimulating factors (CSF), i.e. in presence of activated 
bone marrow adherent cells (Maestroni et aI. , I 994a,b ). 
In addition, llC is known to produce CSF and exert 
myelopoietic activity in vivo (Young et aI., 1988). 
Melatonin did not exert any hematopoietic protection in 
tumor-free mice . Rather, the myelotoxicity of cyclo
phosphamide was increased by melatonin treatment. 
However, in both tumor-free and LLC-bearing mice the 
effect of me latonin was neutralized by naltrexone which 
s uggested the involvement of Mia (Maestroni and 
Conti, 1997). We found that this dual effect of melatonin 
seems to depend on the affinity state of a kappa-opioid 
receptor expressed by bone marrow stromal cells. The 
presence of GM-CSF seems to increase the affinity of 
such receptor allowing the MIa to exert the rescue 
effect. However, when the receptor is in the low affinity 
state the MIa seems to increase the chemotherapy
induced myelotoxicity (Maestroni and Conti , 1997). 
Consistently, a most recent double blind study 
investigating the myeloprotective effect of melatonin 
given in combination with carboplatin and etoposide to 
lung cancer patients shows that melatonin seems to 
increase the time of chemotherapy induced neutropenia 
(M. Ghielmini, in preparation). This would confirm the 
effect of melatonin in tumor-free mice and constitutes 
important evidence for a potentially dangerous adverse 
effect of melatonin. These surprising effects reveal the 
existence of complex neuroendocrine mechanisms 
regulating hematopoiesis . 

Conclusion 

The message of this review is that, in analogy with 
the immune system (Feldman et aI., 1987; Malec and 
Nowak, 1988; Spengler et aI., 1990; Felten and Felten , 
1991; Geenen et aI., 1992 ; Felten, 1993), neural and 
neuroendocrine factors s hould be considered as 
important hematopoietic regulators. It is probable that 
beside catecholamines and melatonin many other factors 
may affect hematopoiesis. For example, it has been 
recently reported that substance P and neurokinin-A may 
induce both po s itive and negative hematopoietic 
regulators in bone marrow stroma (Rameshwar et aI., 
1994; Rameshwar and Gascon , 1996) . This subtle 
regulation of the blood forming system might be even 
more fundamental than that exerted by the cytokine 
network. These findings indicate, in fact, that the 
endogenous release of multiple hematopoietic regulators 
may be controlled by neural or neuroendocrine factors. 
We might be before the tip of an iceberg representing a 
mechanism of hematopoietic regulation capable of 
transducing environmental information to the blood-
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forming system. What appears as a new, fascinating 
research avenue calls for further studies. A central 
question is whether the neural regulation of hemato
poiesis plays any role in aplastic anemia, leukemia, 
immune-based diseases or during emergencies such as 
acute infections and/or stress events. Any positive 
answer to this question might provide a conceptual 
framework in which new pharmacological strategies to 
prevent or correct pathological situations could be 
devised. 
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