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Histamine is a neuromodulator in the brain, and the hippocampus is one of the regions of 
the brain that is innervated by histaminergic neurons. When applied to cultured hippo- 
campal neurons, histamine selectively increased by up to tenfold the amplitude of the 
component of synaptic transmission that was mediated by N-methyl-D-aspartate (NMDA) 
receptors. Spontaneous miniature synaptic currents and the current elicited by applied 
NMDA also were enhanced, indicating that the histamine effect was expressed primarily 
postsynaptically. These results suggest that histamine may modulate processes involving 
NMDA receptors, such as the induction of long-term potentiation. 

Histamine (HA)-containing nerve cells in 
the brain are found exclusivelv in the tu- 
beromammillary nucleus of the hypothala- 
mus, and they project throughout the brain 
and to all fields of the hippocampus (1, 2). 
In this respect HA is like other biogenic 
amines, such as dopamine and serotonin, in 
that it occurs in neural circuits that would 
allow centralized modulation of wide areas 
of cortex. Indeed, HA has been strongly 
imulicated in arousal and attentiveness. to 
which this pervasive circuitry seems suited 
(3). Because the laying down of memories 
may be an important component of atten- 
tiveness and because the hippocampus par- 
ticipates in the formation of memory (4), 
the question arises as to whether HA might 
affect hippocampal function. Previous work 
has shown that HA reduces a calcium- 
dependent K+  conductance in pyramidal 
neurons in areas CAI and CA3 (5). One 
consequence of this inhibition is that HA 
mav modulate the release of neurotrans- 
miiter from presynaptic terminals, as has 
been suggested on the basis of other exper- 
iments (6). The purpose of the present 
experiments was to look for additional 
kinds of neuromodulation by HA in the 
hippocampus. 

Most of these experiments used synapses 
that an isolated pyramidal neuron makes 
with itself ("autapses") (7-9), because au- 
taptic currents are a convenient model sys- 
tem, being necessarily monosynaptic and 
homogeneous (8). However, all of the main 
results were confirmed for synaptic currents 
recorded between pairs of neurons in cul- 
ture. Superimposed currents recorded be- 
fore and during external perfusion of the 
cell with 100 pM HA show that HA 
increased the amplitude of the slow, 
NMDA component of autaptic transmis- 
sion and had no effect on the rapid, non- 
NMDA component (Fig. 1A). In the pres- 
ence of 20 pM D-2-amino-5-phosphono- 
valerate (D-APV) to block NMDA current, 

HA had no effect on the non-NMDA cur- 
rent that remained (Fig. 1B). Enhancement 
of the NMDA component of autaptic cur- 
rents by HA was observed in 119 out of 126 
CAI pyramidal cells; in 7 cells HA had no 
effect. I also found that type A y-aminobu- 
tyric acid (GABAA)-mediated inhibitory 
autaptic currents (8) , voltage-gated Na+ and 
K+ currents, and the passive properties of 
neurons were all unaffected by HA. 

Not only did HA increase the amplitude 
of the NMDA autaptic current, it also 
accelerated its rate of decay (Fig. 2A) (1 0). 
All of the HA-enhanced current [measured 
in the presence of the non-NMDA antag- 
onist 6-cyano-7-nitroquinoxaline-2,3-di- 
one (CNQX; 10 pM)] was blocked by 
D-APV (Fig. ZB), indicating that the en- 
hanced current was probably carried by 
NMDA channels. The HA enhancement 
was rapidly reversible (Fig. 2B). Normalized 
dose-response data, obtained from experi- 
ments in which the HA concentration was 
varied, were well fitted by a single-site 
binding scheme with a half-maximal HA 
concentration of 9 FM (1 1). Peak en- 
hancement factors ranged from 1.6 to 10.2 
(2.7 + 1.6; mean + SD, n = 10) at 100 or 
200 pM HA, which were saturating con- 
centrations. 

Three subtypes of the HA receptor are 
known-H,, HZ, and H,-and all are pres- 
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Fig. 1. Selective enhancement by HA of the 
NMDA component of excitatory autaptic trans- 
mission in a hippocampal pyram~dal cell. (A) 
Superimposed excitatory autaptlc currents 
from the same neuron in control solution and 4 
s later (arrowhead), dur~ng application of 100 
LM HA, iB) Same as (A). but with 20 uM D-APV 
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ent in the brain (2, 12). The H, and H2 
subtypes were not involved because the HA 
enhancement (at 100 pM HA) was unaf- 
fected by the H, antagonists mepyramine 
(10 pM, n = 4) and promethazine (10 pM, 
n = 2) or by the H, antagonist cimetidine 
(1 to 10 pM, n = 3). Furthermore, the H,  
agonist 2-thiazolylethylamine (100 pM, n 
= 3) and the Hz agonists impromidine (10 
to 100 pM, n = 8) and dimaprit (100 pM, 
n = 3) produced no enhancement of the 
autaptic current. On the other hand, the 
H, antagonist (and H2 agonist) impromi- 
dine (10 pM, n = 5) blocked the HA 
enhancement but also reduced the size of 
the NMDA current to about half. In addi- 
tion, the H, agonist R-a-methylhistamine 
(100 pM, n = 3) mimicked the enhancing 
effect of HA. These results suggest that H, 
receptors mediate the HA effect. Surpris- 
ingly, however, another H3 antagonist, thi- 
operamide (10 FM, n = 4), was unable to 
block the HA enhancement in the same 
cells in which impromidine was effective. 

Because NMDA and non-NMDA chan- 
nels are colocalized at hippocampal syn- 
apses (13) and because the non-NMDA 
component of transmission is unchanged by 
HA, it seemed unlikely that HA functioned 
by presynaptically increasing transmitter re- 
lease. Nevertheless, I investigated a presyn- 
aptic mechanism by applying 100 pM HA 
in the presence of phorbol dibutyrate (1 
pM) or elevated external Ca2+ (20 mM 
compared with normal 3 mM) to increase 
the basal release of neurotransmitter from 
presynaptic terminals (1 4). The amplitudes 
of NMDA currents were greatly increased 
by phorbol ester (3.2-fold + 2.2; mean + 
SD, n = 5) and high Ca2+ (3.7-fold k 0.8, 
n = 4) treatments alone, but their kinetics 
were unchanged, in contrast to the effect of 
HA, for which decay rates were also en- 
hanced. Furthermore, large HA enhance- 
ment of NMDA currents (2.1-fold ? 0.5, n 
= 9) still occurred in addition to the 
increases produced by phorbol dibutyrate 
and high Ca2+. Thus, enhancement due to 
HA differed qualitatively from that due to 
increased release of neurotransmitter, sug- 
gesting that HA does not modulate the 
release process. 

If we examine postsynaptic mechanisms 
of HA enhancement, one possibility is that 
HA increases NMDA currents by modulat- 
ing Mg2+ block of the NMDA ion channel 
(15). However, this outcome is unlikely 
because most of the experiments were done 
in nominally Mg2+-free solutions, and sim- 
ilar enhancement was found with 100 pM 
HA in solutions containing 0.1 mM MgZ+ 
(2.9-fold + 1.1; mean k SD, n = 8). 
Histamine may act by altering the binding 
of glycine to its site on the NMDA receptor 
(1 6). Increasing the glycine concentration 
in the bath from 1 to 10 pM (which is 
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Fig. 2. Some properties of the HA-induced 
enhancement of the autaptic current. (A) (Left) 
Average NMDA autaptic current recorded be- 
fore and during (arrowhead) application of 100 
pM HA. Ten sweeps, evoked at 10-s intervals, 
were averaged for each condition. (Right) The 
control current has been scaled so that its peak 
amplitude matches that of the HA-enhanced 
current (arrowhead), to reveal the altered kinet- 
ICS in HA. Non-NMDA currents and the stimulus 
artifact were removed by subtraction of a trace 
recorded in the presence of 50 pM D-APV. The 
external solut~ons all contained 10 pM CNQX. 
(B) Plot of the peak amplitude of autaptic cur- 
rent versus time during the experiment. Both 
D-APV (50 pM) and 100 pM HA were added to 
the bath solution during the times Indicated by 
the horizontal bars. Currents were evoked at 
3-s intervals. The external solutions all con- 
tained 10 pM CNQX. 

saturating) increased the amplitude of the 
NMDA autaptic current 1.8- to 2.2-fold 
without affecting its kinetics, in contrast 
with HA enhancement, in which the kinet- 
ics were altered. Furthermore, 100 pM HA 
still caused > 1.7-fold enhancement in addi- 
tion to the enhancement produced by 10 to 
50 pM glycine (n = 5). These results suggest 
that HA enhancement and glycine modula- 
tion act by way of separate mechanisms. 

A standard method for identifying the 
locus of expression in synaptic plasticity is 
to look for the phenomenon at the level of 
spontaneous miniature synaptic currents 
("miniatures") (1 7) .  Because a single min- 
&re is thought 'to result from ;he dis- 
charge of a relatively fixed unit of neuro- 
transmitter, this procedure provides an as- 
say of changes that are occurring entirely in 
the postsynaptic membrane. Averages of 
miniatures showed that HA enhanced the 
slow, D-APV-sensitive component of the 
miniatures (Fig. 3A, left panel) without 
greatly affecting their frequency (18). Au- 
taptic currents evoked in the same cell 
closely resembled the averages of minia- 
tures, apart from being about 50-fold larger 
(Fig. 3A, right panel). These results suggest 
that the HA enhancement resides mainly 

in a postsynaptic modification of NMDA 
channels. This was confirmed by the rapid 
application of 1 mM NMDA to a cell in the 
presence or in the absence of HA (1 9): HA 
produced similar enhancement of both the 
NMDA-elicited whole-cell current and the 
NMDA component of autaptic current 
measured in the same cell (Fig. 3B). 

Pretreatment of cultures with pertussis 
toxin (200 ng/ml) blocked the inhibition of 
excitatory autaptic transmission by 100 pM 
adenosine (20) but had no effect on HA 
enhancement in the same cell (n = 5) (2 1 ) . 
Also, the inclusion of 0.5 to 1 mM euano- 

Fig. 3. Ev~dence for a postsynaptic A 
locus of expression of the HA en- 9. , . 

high-level functions as the control of arous- 
al and attentiveness (3) through its action 
on the NMDA channel. 

hancement. (A) (Left) Superim- 
posed averages of 13 to 27 minia- 
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A Transglutaminase That Converts Interleukin-2 
into a Factor Cytotoxic to Oligodendrocytes 

Shoshana Eitan and Michal Schwartz* 
Regenerating optic nerves from fish produce a factor that is cytotoxic to oligodendrocytes. 
The cytotoxic factor is recognized by antibodies to interleukin-2 (IL-2) and has the apparent 
molecular size of a dimer of IL-2. An enzyme, identified as a nerve transglutaminase, was 
purified from regenerating optic nerves of fish and was found to catalyze dimerization of 
human IL-2. The dimerized IL-2, unlike monomeric IL-2, is cytotoxic to oligodendrocytes 
from rat brain in culture. The results suggest that posttranslational modification of a cytokine 
can alter its activity. Under conditions in which oligodendrocytes inhibit neuronal regen- 
eration, dimerization of IL-2 might provide a mechanism to permit nerve growth. 

Axons in the central nervous system of 
mammals, unlike those of fish, have a poor 
capacity for regeneration after axonal injury 
(1 -3). Injured central nervous system axons 
do regenerate, however, when grown in a 
supportive environment, such as in periph- 
eral nervous system grafts (4). One of the 
environmental elements that might be re- 
sponsible for the poor ability to regenerate 
in mammals is oligodendrocyte-mediated 
inhibition of nerve growth ( 5 ) .  

Regenerating optic nerves from fish pro- 
duce a factor cytotoxic to oligodendr~c~tes 
that may act to eliminate mature oligoden- 
drocytes (6-8). This cytotoxic factor was 
recognized by antibodies to IL-2 (8). We 
now present data indicating that a dimer of 
IL-2, produced by a transglutaminase de- 
rived from regenerating fish optic nerves, is 
a factor cytotoxic to oligodendrocytes. 

Because the cytotoxic factor from regen- 
eratine fish o ~ t i c  nerves was about twice the 
molecilar size of IL-2 derived from fish 
lymphocytes (a), it seemed possible that it 
could be a dimer of IL-2 produced by a 
posttranslational modification. We incu- 
bated conditioned medium of regenerating 
fish optic nerves (CM) (9) with human IL-2 
(hIL-2) and then visualized ~roteins in the 
Aixturk with antibodies to' IL-2. A new 
immunoreactive band (of 30 kD) was ob- 
served in addition to the original 15-kD 
IL-2 monomer (Fig. I ) ,  suggesting that the 
new immunoreactive band, which was rec- 
ognized by antibodies to IL-2, might be a 
dimer of IL-2 and that the CM contains the 

substances required for the apparent dimer- 
ization. Similar results were observed with 
mouse IL-2. The new band appeared only 
when Ca2+ was added to the preparation. It 
did not appear in control experiments in 
which either the CM or IL-2 was present 
alone. 

We considered the possibility that 
dimerization of IL-2 occurred by means of a 
Ca2+-dependent enzyme that is selectively 
synthesized or activated in regenerating 
nerves after injury. An enzyme of the cross- 
linking transglutaminase family (1 0, 1 1) 
appeared to be a likely candidate. We raised 
in rabbits antibodies against a 14-amino 
acid peptide (KKVKYGQCWVFAGV) 
(12) (SWISS-PROT data bank) that con- 
tains the active site of transglutaminases 
and is conserved among tissues and species. 
Immunoblotting analysis of the CM with 
affinity-purified antibodies to this peptide 
(TG-Ab) revealed a 55-kD immunoreac- 
tive protein (Fig. 2). We homogenized 
regenerating or uninjured fish optic nerves 
immediately after their excision, collected 
the supernatants after high-speed centrifu- 
gation (HSS), and compared them by im- 
munoblotting analysis with the TG-Ab. 
Densitometric analysis showed that the 55- 
kD immunoreactive band was three times as 
intense in regenerating nerves than in un- 
injured nerves; therefore, regeneration is 
associated with increased transglutaminase 
immunoreactivity. 

We purified the nerve transglutaminase 
to apparent homogeneity from HSS or CM 
of regenerating fish optic nerves by two 

Department of Neurobiology, Weizmann Institute of steps of  affiniGchroma;ography, consisting 
Science, 76100 Rehovot, Israel. of columns of poly-~-lysine (PLL) and of 
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