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A~act-Antihis~mines, more formally termed H, receptor antagonists, are well known to exert sedative 
effects in humans, yet their locus and mechanism of action in the human brain remains unknown. To better 
understand this phenomenon, the effects of histamine upon human cortical neurons were studied using 
intracellular recordings in brain slices maintained in oitro. Bath application of 50 PM histamine induced 
a depolarization which could be attributed to reduction of a background voltage-independent “leakage” 
potassium current: the depolarization was associated with an increase in apparent input resistance, under 
voltage clamp its reversal potential approximated the potassium reversal potential, and the histamine- 
induced current exhibited little voltage dependence. The pharmacology of the histam~~induced 
depolarization of human cortical neurons was studied by use of both agonists and antagonists. 
Depolarizing responses were blocked by the H, antagonist mepyramine, but not by the H, antagonist 
cimetidine nor the H, antagonist thioperamide. The H, receptor agonist R-cc-methyl-histamine did not 
mimic the effects of histamine. Thus, histamine depolarizes human cortical neurons via action at an H, 
receptor. 

These effects of neuronal histamine upon cortical neurons are likely to affect synaptic transmission in 
several ways. The depolarization per se should increase the likelihood that excitatory synaptic potentials 
will evoke an action potentiak The increase in whole-cell input resistance evoked by H, receptor activation 
should make the cell more electrotonicaffy compact, thereby altering its integrative properties. We 
hypothesize that these mechanisms would allow histamine, acting at cortical H, receptors, to enhance 
behavioral arousal. During waking when histamine release is highest, blockade of H, receptors by 
systemically administered H, receptor antagonists would be sedating. 

Histamine satisfies many of the criteria for neuro- 
transmitter status in the human brain. A key obser- 
vation is that histamine and its synthetic enzyme 
L-histidine decarboxylase are distributed in a non- 
uniform manner throughout the human brain.733 
The general organization of the central histaminergic 
system in the human seems similar to that of the 
better-studied rat, with somata in the tuberomammil- 
lary nucleus of the hypothalamus2 and axons project- 
ing throughout the brain including the cerebral 
cortex.s2 Potassium-evoked release of histamine has 
been observed in human brain5 and all three subtypes 
of histamine receptors (H,, H, and H,) are pre- 
sent.S,9,2s.38 Although histamine-mediated synaptic 
responses have not been documented, the amine has 
been shown to have pronounced electrophysiological 
actions in the human brain.“v4’ Thus, it seems reason- 
able to conclude that histamine is a neurotransmitter 
in the human brain. 

A growing body of evidence suggests that the 
central histaminergic system is involved in the neur- 
onal control of behavioral states.-‘* Of particular 

interest is the effect of histamine acting at H, recep- 
tors. Systemic administration of H, receptor antagon- 
ists, commonly known as antihistamines, results in 
sedation in humans.46 However, difficulty has arisen 
in developing plausible hypotheses regarding the 
sedative actions of H, receptor antagonists because of 
the lack of good animal models: the sedative effects 
of antihistamines are not evident in any laboratory 
animal studied to date, including mice, rats, guinea- 
pigs, hamsters, dogs, cats and squirrel monkeys.45 
There is also a marked species difference in the 
distribution of H, receptors in the brain.9 Because the 
highest densities of H, receptors in the human brain 
are found in the cerebral cortex, we hypothesized 
that the sedative effects of H, receptor antagonists 
in humans might be due to blockade of cortical H, 
receptors. We now report that histamine depolarizes 
human cortical neurons in vitro via blockade of 
a voltage-independent potassium conductance, and 
that this e&t is mediated by activation of H, 
receptors. 

EXPERIMENTAL PROCEDURES 

*To whom correspondence should be addressed. 
~~~~e~jarju~~: ACSF, artificial cerebrospinal fluid. 

Human neocortical tissue was obtained from patients 
undergoing surgical treatment for intractable epilepsy. Only 
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tissue which would routinely be removed during the course 
of the surgical procedure was used, and the use of this tissue 
for experimental purposes did not alter the size of the 
resected area. The protocol for these experiments was 
approved by the University of British Columbia Clinical 
Screening Committee for Research Involving Human 
Subjects. A small piece of the temporal gyrus was removed 
by the neurosurgeon (Dr Barrie Woodhurst) and immersed 
in ice-cold, oxygenated artificial cerebrospinal fluid (ACSF). 
Subsequent neuropathological examination of neighboring 
regions of the cortex revealed no gross or microscopic 
pathology. Following immersion in ACSF, the block of 
cortical tissue was trimmed into several smaller pieces, and 
transported to the laboratory where it was cut into 3OO+m- 
thick slices on a vibratome. Slices were stored in oxygenated 
ACSF at room temperature for at least 1 h prior to record- 
ing. During the experiment, a single slice was transferred 
to the recording chamber where it was continuously super- 
fused with warmed (30°C) ACSF which contained (in mM): 
2.5 KCI, 126 NaCl, 2.4 CaCl,, 1.3 MgCl,, 1.2 NaH,PO,, 
25 NaHCO,, 11 glucose; when saturated with 95% O,-5% 
CO, the pH of the solution was 7.4. 

Intracellular recordings were carried out using micro- 
pipettes pulled from 1.2mm (o.d.) glass blanks and filled 
with 2 M KCl. Electrodes exhibited resistances between 
35 and 80 M&2. Recordings were carried out using an 
Axoclamp 2A amplifier controlled by a laboratory computer 
utilizing the pCLAMP suite of programs. For experiments 
in which single-electrode voltage clamp was used, 300nM 
tetrodotoxin was added; switching frequencies ranged from 

A. HA 

4 to 8 kHz, and gains of 0.5-I nA/mV were used. Headstage 
output was continuously monitored on an independent 
oscilloscope to ensure that the voltage at the electrode had 
settled prior to the sample-and-hold measurement. Leakage 
and capacitative currents were not subtracted. Data were 
independently digitized at 49 kHz and stored on videotape 
for off-line analysis. Data are presented as mean k S.D., and 
n refers to the number of cells tested. 

Drugs used in these experiments included tetrodotoxin 
from Calbiochem, and carbachol, cimetidine, histamine, 
mepyramine, ~-a-methyl-histamine and thioperamide from 
Research Biochemicals. 

RESULTS 

Electrophysiological properties of human cortical 
neurons 

The data are based upon stable intracellular 
recordings obtained from 39 presumed pyramidal 
neurons in layers II-V of the middle temporal gyrus. 
Slices from 13 patients were studied; only one cell was 
studied per slice. Pyramidal neurons were tentatively 
identified by their electrophysiological character- 
istics’2.44 as shown in Fig. 1B. The average resting 
membrane potential for this population of neurons 
was -64 k 3.4mV. Input resistance, estimated by 
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Fig. 1. Histamine depolarizes human neocortical neurons. (A) Chart record demonstrating a typical 
response to bath application of 50 PM histamine (indicated by the bar). Hyperpolarizing pulses of 400 ms 
duration and 0.2 nA amplitude were applied every 5 s to monitor input resistance. During the depolariz- 
ation induced by histamine (HA), the neuron was returned to the resting potential of - 67 mV by injection 
of hyperpolarizing d.c. current (-d.c.). After washing for 25 min, both the resting membrane potential 
and input resistance returned to normal. (B) Traces illustrating the response of the neuron to current 
pulses of 0.1, - 0.1, -0.2, and -0.3 nA under control conditions. (C) Same paradigm as in (B) during 
application of anodal current to return the membrane potential to control levels during application of 
histamine. Spike-frequency adaptation is blocked by application of histamine. (D) Superimposition of the 
membrane response to -0.3 nA hyperpolarizing current pulses under control (C) co itions and after 

application of histamine (HA). The larger membrane deflection during histamine 
input resistance has increased. 
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applying small hyperpolarizing current pulses suffi- 

cient to produce N 10 mV of hyperpolarization 
relative to the resting membrane potential, was 
66 f 4.4 MR. This is probably an underestimate of 
the true input resistance, as cortical pyramidal neur- 
ons invariably expressed the hyperpolarization- 
activated cation current, Z,,, as previously reported.12 
Although we made no systematic attempt to dis- 
tinguish between ‘regular-spiking’ and ‘bursting’ 
neurons, all presumed pyramidal neurons exhibited a 
rebound depolarization following appropriate hyper- 
polarizing current pulses (Figs 1 and 3). Only one cell 
exhibited behavior which could be termed epileptic; it 
was excluded from analysis. While we have no way of 
determining whether the other cells were normal in all 
regards, their behavior was strikingly similar to that 
seen in recordings from rodent neocortical neurons.44 

Ionic currents evoked by histamine in human cortical 
neurons 

Upon application of 50 PM histamine for 
2 min, 18/23 neurons exhibited a depolarization of 
6.9 f 1.8 mV (Fig. IA); the effect dissipated over 
10-20 min and was usually repeatable after 30 min 
with little evidence of desensitization. When the 
neuron was manually returned to the resting mem- 
brane potential by injection of hyperpolarizing 
d.c. current, the apparent input resistance was 
greater than that seen under control conditions in 
S/l 1 neurons (control = 71.4 f 5.3 MR, histamine = 
78 + 4.7 MR; Fig. ID). These data suggest that 
histamine depolarizes human cortical neurons by 
reducing an ionic conductance. 

To determine whether the effect was due to acti- 
vation of receptors on the recorded neuron or upon 
another neuron presynaptic to that being recorded, 
the experiments were repeated while perfusing the 
slice in the presence of 300 nM tetrodotoxin to block 
voltage-dependent sodium channels. Under these 
conditions histamine still induced a depolarization or, 
under voltage clamp, an inward current (cf. Fig. 2, 
n = 6). Thus, histamine appears to depolarize human 
cortical neurons by direct action at a post-synaptic 
receptor. 

The next set of experiments were carried out using 
discontinuous single-electrode voltage clamp to fur- 
ther characterize the ionic current modulated by 
histamine. In the presence of 300 nM tetrodotoxin to 
block voltage-dependent sodium channels, steady- 
state 1-V curves were generated, either by a series of 
voltage steps (Fig. 2A-C) or via a smoothly ramped 
voltage command (Fig. 2D). The results of both 
manipulations were similar, and several observations 
are noteworthy. First, under voltage clamp histamine 
induced an inward current at the holding potential 
of -70 mV. The intersection of the Z-V curves 
generated in the presence and absence of histamine 
was - 105 f 3.2 mV (Fig. 2C-D, n = 3), very near 
to the predicted potassium equilibrium potential 
of - 110 mV, assuming an intracellular K+ concen- 

tration of 140 mM. (Because these experiments were 
carried out using electrodes filled with 2 M KCl, the 
chloride equilibrium potential would have been con- 
siderably more positive than the resting potential.) 
Thus, histamine appears to depolarize human cortical 
neurons by reducing a resting potassium current. 

Additional properties of the resting potassium 
current modulated by histamine could be deduced 
by subtraction of the control Z-V curve from that 
obtained in the presence of histamine (Fig. 2E). 
This histamine-induced current exhibited little 
voltage dependence over the range of - 130 to 
- 50 mV. By virtue of its apparent reversal potential 
at the potassium equilibrium potential and voltage 
independence, the current which was reduced by 
histamine in human cortical neurons was identified as 
the ligand-gated leakage potassium current IKL. 

Both acetylcholine and serotonin have been 
reported to reduce the time- and voltage-dependent 
potassium current Ihl in human cortical neurons.zo.4’ 
There is some suggestion of Zr,, suppression by his- 
tamine in Fig. 2B-C, but this was not systematically 
investigated. The effect which we have focused upon 
is clearly not due to suppression of Z,, as the increase 
in resistance was manifest at potentials negative to 
- 60 mV where &, is not active.20S4’ An additional 
effect observed in several cells was a reduction in 
the time-dependent inward rectification seen during 
application of hyperpolarizing current pulses, which 
is presumably mediated by the cation current 1, 
(cf. Fig. ID). Although we did not investigate this 
phenomenon in detail, at the resting potential 
a reduction in I,, this would serve to diminish the 
depolarization induced by histamine. Thus, histamin- 
ergic modulation of Zh cannot account for the 
observed depolarization of human cortical neurons. 

Pharmacological characterization of the histamine- 
induced depolarization 

The subtype of histamine receptor responsible for 
the depolarization of human cortical neurons was 
studied by use of both agonists and antagonists. We 
began with H, receptors. In rat, guinea-pig and 
human cortical neurons occupation of H, receptors, 
acting via production of CAMP, reduces a calcium- 
activated potassium current resulting in blockade of 
spike frequency adaptation.‘“‘8,41J3 We confirmed 
that histamine reduces spike frequency adaptation in 
human cortical neurons (n = 3, Fig. 1BC). As can 
be seen in Fig. 3a-c prior superfusion of the slice 
with 50 p M of the HZ receptor antagonist cimetidine 
readily prevented blockade of adaptation by his- 
tamine. Notably, the histamine-induced depolariz- 
ation was unaffected (n = 4, Fig. 3A). Thus 
the depolarizing effect of histamine is not due to 
activation of H, receptors. 

We next turned our attention to the H, receptor. 
The selective H, receptor agonist ~-a-methyl- 
histamine4 did not mimic the depolarizing effect of 
histamine upon human cortical neurons, even when 
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Fig. 2. Ionic currents evoked by histamine in human cortical neurons. (A) Chart record of a cell which 
was studied under voltage clamp conditions during application of histamine. The cell was held at - 60 mV 
and voltage steps to potentials ranging from - 130 to - 30 mV applied every 5 s before and during 
application of histamine, which induced an inward current. (B) Expanded current traces from (A) under 
control conditions and in the presence of histamine. (C) Steady-state I-V plot of the data in (B) 
demonstrates that histamine evoked an inward current which reversed sign near -1OOmV. (D) In a 
different cell, 13 s duration voltage ramp commands from - 130 to - 50 mV were executed before and 
after application of histamine. The resultant I-V curves cross at - 109 mV. (E) Subtraction of control 
current from that recorded in histamine in the cell shown in (D) demonstrates that the current evoked 

by histamine has little voltage dependence. 

applied at a concentration of 50 PM (Fig. 3C, n = 5). 
Thioperamide, an H, receptor antagonist, did not 
block the effect of histamine when applied at 100 nM 
(n = 3, Fig. 3D), although it did slightly attenuate the 
histamine-induced depolarization at 1 PM (n = 2). 
Since the K, of thioperamide at the H, receptor is 
around 6 nM and equimolar application of R-E- 

methyl-histamine did not mimic the effect of his- 
tamine, the partial blockade by 1 p M thioperamide is 
likely to be a non-specific effect. Taken together, these 
data suggest that the histamine-induced depolariz- 
ation is not mediated by H, receptors. 

In the final set of experiments, pharmacological 
blockade of H, receptors with the selective antagonist 
mepyramine (50 PM) reversibly blocked the his- 
tamine-induced depolarization (Fig. 3A-B, n = 5). 
Mepyramine was chosen as an H, antagonist because 
of its low affinity for aminergic and cholinergic 
receptors. 2’ In keeping with this, in two cells we 

found that the cholinergic agonist carbachol still 
depolarized human cortical neurons after histamine 
responses were blocked by mepyramine (data not 
shown). These data are consistent with the hypothesis 
that the depolarization of human cortical neurons by 
histamine is due to activation of H, receptors. 

The most important feature of the histamine- 
induced depolarization is illustrated in Fig. 3b. At 
the peak of the histamine effect, depolarizing 
current pulses evoke a train of many more action 
potentials than seen under control conditions. This is 
not due to action at H, receptors, as spike-frequency 
adaptation is not affected (Fig. 3~). Rather, it is 
due to both the change in membrane potential 
which brings the neuron closer to threshold and the 
increase in whole-cell input resistance (Fig. 3d). The 
resultant increase in neuronal excitability is a critical 
feature of the action of histamine on human cortical 
neurons. 
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Fig. 3. Pharmacology of the depolarization of human cortical neurons by histamine. (A) Chart record 
of the response to 50 PM histamine (HA) in the presence of 50 PM cimetidine, an H, receptor antagonist. 
In this and subsequent figures, alternate hyperpolarizing and depolarizing current pulses of -0.2 and 
0.1 nA, respectively, were applied every 5 s. At the peak of the histamine-induced depolarization, the 
membrane potential was returned to the resting potential of -63 mV by injection of hyperpolarizing d.c. 
current. Expanded sweeps demonstrating the response of the neuron during control conditions (a), during 
the peak of the histamine-induced depolarization (b), and following manual return of the membrane 
potential to the resting level (c) at the times indicated by the lines are shown at the bottom of the figure. 
In the presence of the H, antagonist cimetidine, histamine does not alter spike-frequency adaptation 
although the depolarization is unaffected. There is an apparent increase in input resistance as shown in 
trace (d), which is a superimposition of the responses shown in (a) and (c) to hyperpolarizing current pulses 
under control conditions (C) and during application of histamine (HA). (B) Following washout of the 
histamine-induced effect, the slice was bathed in 50 PM mepyramine in addition to 50 PM cimetidine for 
5 min. Bath application of histamine had no effect on membrane potential. The line marked (e) indicates 
the trace which is shown in expanded fashion at the bottom of the figure. As can be seen, the neuron 
was fully capable of firing normal action potentials during application of the H, antagonist mepyramine. 
(C) Twenty minutes after removal of mepyramine from the solution bathing the slice, 50 p M R-a-methyl- 
histamine was applied. There was no response to application of this H, receptor agonist. (D) Ten minutes 
of bath application of 100 nM thioperamide, an H, receptor antagonist, in addition to 50 PM cimetidine 

did not block the histamine induced depolarization. All traces from the same neuron. 
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DISCUSSION 

The major findings of the present study are two- 
fold. First, histamine depolarizes human cortical 
neurons via blockade of a voltage-insensitive ‘leak- 
age’ potassium current, ZKL. The second major finding 
is that the histamine-induced depolarization is due 
to activation of H, receptors. The data have con- 
siderable implications for the neuronal control of 
behavioral states and the role of neurot~nsmitter 
histamine in human cortical function. 

N, receptors mediate histamine‘s action in human 
cerebral cortex 

The pharmacology of the depolarizing response 
to histamine suggests that it is mediated by H, 
receptors: (i) the effect is blocked by the H, receptor 
antagonist mepyramine; (ii) the depolarization is 
unaffected by the H2 receptor antagonist cimetidine; 
and (iii) the effect is not mimicked by the H, 
receptor agonist R-a-methyl-histamine, nor is it 
blocked by the H, receptor antagonist thioperamide. 
Although the concentration of mepyramine needed 
to block the functional response of H, receptors 
in human cortical neurons is considerably higher 
than its Ko in human brain,” such discrepancies 
are common in the literature. Moreover, this con- 
centration of mepyramine is similar to that 
required to block functional responses in Xenopus 
oocytes transfected with mRNA of the cloned H, 
receptor. ” Thus, we are confident that the results 
reported here represent functional activation of H, 
receptors. 

The present data represent the first electrophysio- 
logical characterization of H, receptor occupation in 
the human brain. Previous studies with human brain 
tissue have demonstrated actions at both Hz and H, 
receptors. In hippocampal and cortical pyramidal 
neurons, histamine acting at H, receptors blocks 
spike-frequency adaptation,‘7.4’ while occupation of 
H, receptors reduces potassium-evoked transmitter 
release from histaminergic axon terminals in human 
cortex.’ Both effects have been previously docu- 
mented in rat and guinea-pig cortex.‘,” To our 
knowledge, depolarizing actions due to activation of 
H, receptors have never been previously reported in 
cortical tissue. 

H ~-receptor-mediated de~larizations are clearly 
not restricted to human cortical neurons: wherever 
H, actions have been noted in mammalian brain, 
the effect is excitatory. Thus neurons in the supra- 
optic nucleus, tuberal hypothalamus, arcuate nu- 
cleus, suprachiasmatic nucleus, pre-optic nucleus, 
pedunculopontine tegmental nucteus, media1 pontine 
reticular formation, and dorsal lateral geniculate 
nucleus have all been shown to be excited by his- 
tamine acting at H, receptors. 3 13.14.19.24.26,42.57.61 Indeed, 

there are no published reports of inhibitory HI 
receptor-mediated actions in the mammalian central 
nervous system. 

Depolarization by blockade of’ a leakage potassium 
current 

The mechanism by which histamine depolarizes 
human cortical neurons appears to be by reducing the 
voltage-independent ‘leakage’ potassium current, ik,_. 
The evidence supporting this conclusion includes: (i) 
the depolarization is accompanied by an increase in 
apparent membrane resistance; (ii) the steady-state 
I---V curves obtained under control conditions and in 
the presence of histamine intersect near the predicted 
potassium equilibrium potential; and (iii) the inward 
current evoked by histamine is linear over the physio- 
logical range of membrane potentials. 

The first evidence that a neurotransmitter could 
depolarize cortical neurons by decreasing a resting 
potassium conductance emerged from the prescient 
work of Krnjevic ef al.*’ Utilizing intracellular 
recordings from cat cortical neurons in uivo, they 
demonstrated that local ionophoresis of acetylcholine 
resulted in a depolarization which was accompanied 
by an apparent increase in membrane resistance. 
Although the ionic current responsible for the 
depolarization was not known at the time, recent 
irz vitro studies using voltage clamp techniques 
clearly demonstrate that muscarinic receptor acti- 
vation of cortical neurons results in a depolarization 
accompanied by a reduction of IKL.x~‘0.36 

Agonist modulation of is,_ is increasingly being 
recognized as a general mechanism of transmitter 
action. Muscarinic receptors, cr, adrenergic, H, his- 
taminergic, 5-HT2 serotonergic, and metabotropic 
glutamate receptors have all been shown to reduce I,, 
in central neurons.H~‘“~‘4~‘s~36~19~42~4~~5* Although all of 
these receptors are known to couple to phospholipase 
C activation, the second messenger involved in IKt 
modulation is not known with certainty.” 

From a functional point of view, H,-receptor- 
mediated modulation of I,, represents a powerful 
mechanism for controlling cortical neuronal activity. 
Because the underlying leakage potassium conduc- 
tance is active at all membrane potentials within the 
physiological range, H, receptor activation will result 
in a depolarization regardless of the prevailing mem- 
brane potential of the neuron. Moreover, by increas- 
ing the overall resistance of the neuron, the cell 
will become more electrotonically compact, thereby 
enhancing the influence of dendritic synaptic events 
upon the soma. Thus, not only will the H,-receptor- 
mediated depolarization increase the excitability of 
cortical neurons by bringing the membrane potential 
closer to threshold, but it will also alter the integrative 
properties of the neuron. 

Controf of‘arousal 

One of the most compelling reasons for studying 
the central histaminergic system is the well-known 
observation that systemic administration of H, recep- 
tor antagonists (‘antihistamines’) results in sedation 
in humans.46 Because the human cerebral cortex 
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expresses such high numbers of H, receptors, we 
hypothesize that the sedative effects of H, receptor 
antagonists in the human brain are based upon 
blockade of the histamine-induced depolarization. 

Histaminergic neurons, like noradrenergic and 
serotonergic neurons, exhibit a stereotypical state- 
related behavioral neurophysiological profile. Exper- 
iments in behaving cats have shown that these 
neurons fire regularly at moderate rates during wak- 
ing, at somewhat reduced rates during slow-wave 
sleep, and become silent during rapid-eye movement 
sleep. 62 Assuming that the behavior of histamine 
neurons in humans is similar to that of the cat, one 
would predict that during waking there would 
be tonic release of histamine in the cerebral cortex. 
By depolarizing cortical neurons via H, receptor 
activation, natural occupation of cortical H, recep- 
tors by histamine released from the axon terminals 
of hypothalamic histamine neurons may be an 
important mechanism of cortical arousal. 

The anatomy of the central histaminergic system 
is consistent with such a role. The essential features 
of the system are preserved in all mammalian 
species. *‘*2,3iso.64 histamine-synthesi~ng neurons are 
found only within the region of the tuberomammil- 
lary nucleus in the caudal hypothalamus, which is 
compact in rats but more diffuse in other species. 
Emanating from this relatively small cluster of neur- 
ons is an extensive network of histaminergic axons 
ramifying widely throughout the brain, including 
direct projections to the cerebral cortex.28~51~S2~63 Taken 
together, the anatomy, physiology and pha~acology 
of the central histaminergic system seem ideally suited 
to play a significant role in the neuronal control of 
behavioral states. 

The key question with respect to human neuro- 
biology regards the locus and mechanism of action 
of the sedation induced by H, antagonist antihis- 
tamines. It is clear that the site of sedative action of 
antihistamines is within the central nervous system, 
as H, receptor antagonists which do not cross the 
blood-brain barrier are non-sedating.‘7*47 Unfortu- 
nately, the selectivity of H, receptor antagonists is not 
ideal; many bind (albeit with lower affinity30) and 
antagonize” muscarinic, adrenergic and serotonergic 
receptors to varying degrees. The critical issue is one 
of affinity. Therapeutic doses of H, receptor antagon- 
ists are too low to antagonize non-H, receptors to any 
appreciable degree, while they readily block central 
H, receptors.55 Even more compelling are studies 
of the responses of humans to administration of 
stereoselective enantiomers of chlorpheniramine and 
dimethindene, H, antagonists exhibiting marked 
sedative side-effects. Enantiomers which exhibit high 
affinity for H, receptors are sedating; those which 
have low affinity for H, receptors are not.48 Most 
importantly, both sedating and non-sedating enan- 
tiomers maintain their (relatively low) affinity for 
aminergic receptors. Thus the sedative effects of H, 
receptor antagonists correlate well with their potency 

at central H, receptors, but not at any other receptor 
studied to date. 

Further clues can be inferred from comparative 
studies of H, receptor antagonists. The sedative effect 
of antihistamines readily observed in humans is not 
seen in any animal species studied including mice, 
rats, guinea-pigs, hamsters, dogs, cats and squirrel 
monkeys.45 While high doses of H, receptor antagon- 
ists exert modest sedative effects on sleepwalking 
parameters of rats some 12 h after administration, 
they reduce total sleep time during the first 6 h.27 Both 
the time course and dosage regimen discount the 
notion that this represents a plausible animal model 
of the human situation. Such observations are in 
keeping with the marked species differences in the 
distribution of H, receptors in the brain. In humans, 
the cortex exhibits the highest density of H1 receptors 
in the brain; within the cortex, the temporal lobe 
is particularly enriched. 9,25 In guinea-pig, the highest 
receptor densities are found in cerebellum, while 
in rats H, receptors are distributed relatively 
uniformly.9~22~23~60 Taken together, these data suggest 
that in humans the sedative effects of antihistamines 
are mediated by blockade of cortical H, receptors. 

Knowing that antihistamines cause their sedation 
via a central effect at H, receptors in humans, one 
would like to determine the cellular and molecular 
mechanisms underlying these effects. Three hypoth- 
eses have been proposed: (i) synergism between H, 
receptors and adenylyl cyclase; (ii) H, receptor- 
mediated depolarization of thalamic neurons; and 
(iii) H, receptor-mediated depolarization of human 
cortical neurons. 

The synergism between H, receptors and those 
receptors positively coupled to adenylyl cyclase is an 
example of heterosynaptic facilitation: although H, 
receptor activation has no effect on CAMP levels 
alone, when adenylyl cyclase is activated concurrent 
with H, receptors, production of CAMP is greatly 
enhanced.49 Such conditional enhancement of CAMP 
production is now thought to involve modulation 
of activated adenylyl cyclase by the By subunits 
of G-proteins. “,59 In cortical neurons, activators of 
adenylyl cyclase reduce spike-frequency adaptation 
by blockade of a calcium-activated potassium cur- 
rent, thereby selectively enhancing responses to excit- 
atory inputs without necessarily affecting the resting 
membrane potential. ‘8,34.35 In theory, such a process 
would be enhanced by H, receptor activation by 
neuronal histamine, and conversely, would be 
blunted by H, receptor blockade. In this way, H, 
receptor blockade may contribute to the sedative 
effects of antihistamines. 

In cat and guinea-pig thalamic relay neurons, 
H, receptor occupation results in a depolarization 
which biases these cells towards single-spike mode,42 
Because this mode of firing is thought to underly the 
desynchronized EEG of waking, it seems plausible 
that H,-receptor-mediated arousal may result from 
the change in thalamic firing pattern induced by 
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histamine. Conversely, blockade of this depolariz- 
ation by H, receptor antagonists may also contribute 
to the sedative effects of antihistamines. Although 
the human thalamus exhibits only low levels 
of Hi receptor binding,9+25 it is not clear how 
many receptors are required for such effects to be 
manifest. 

In the present study, we have shown that H, 
receptor activation consistently induces a depolariz- 
ation of human cortical neurons. By depolarizing 
cortical neurons, H, receptor activation brings them 
closer to threshold and increases their likelihood of 
firing in response to excitatory synaptic inputs. More- 
over, the increase in whole-cell resistance induced by 
reducing a steady-state leakage current would alter 
the integrative properties of cortical neurons, making 

synaptic inputs to the dendrites more effective. Thus, 
this simple change in membrane potential efficiently 
increases the excitability of the cerebral cortex. Both 
because of the consistency of the response and 
the high density of H, receptors in the human cerebral 
cortex, we hypothesize that depolarization via 
reduction of I,, represents an important cellular 
mechanism of cortical arousal. 
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