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Abstract To understand the central mechanism of penile
erections during rapid eye movement (REM) sleep and
waking, single units were recorded from the septal area in
un-anesthetized head-restrained rats simultaneous with
erections. Erectile events were assessed by pressure in the
bulb of the corpus spongiosum of the penis and bul-
bospongiosus-muscle activity. Of 143 recorded neurons,
36% showed increased activity (E-type) and 24%
decreased activity (I-type) during different phases of
erection in REM sleep, while 10% were E-type and 35%
were I-type during erections in waking. Most E-type neu-
rons were recorded from the dorsal and intermediate part of
lateral septum, whereas I-type neurons were from the
medial septum. The findings illustrate the extensive net-
work of various types of neurons in the septal area that fire
in concert in relation to erection during REM sleep and
waking. This study provides a unique prospective of the
septal area for perpetuation of erectile circuitry during
sleep.
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Introduction

The septal area is a limbic structure in the forebrain that
regulates various components of male sexual behavior and
sleep [1-6]. In the 1960s, MacLean and Ploog reported that
the septum was potentially the brain region for generating
penile erections during the waking state [7]. In subsequent
years, erections in sleep were documented to occur during
the rapid eye movement (REM) phase under normal con-
ditions in humans and other mammalian species [8—11].
For many years, however, no attempts were made to
explore whether the septum played any role in erections
occurring in sleep. We recently demonstrated that this
region controls erections during REM sleep in rats [12, 13].
When various sub-regions were stimulated electrically,
erections during REM sleep were evoked from the dorsal
and intermediate parts of the lateral septum (LS), whereas
the ventral part evoked erections during waking, and the
medial septum (MS) did not elicit any erectile response
[13].

Within the septal area, the MS neurons have been
extensively studied for their role in the hippocampal theta
rhythm during waking and REM sleep, but no reports have
characterized the neuronal properties of the lateral or
medial neurons in the regulation of erections in these two
states. In the central nervous system, there is overlap of the
circuitries for multiple functions, including sleep and sex,
at various levels, which suggests multimodal interaction
operating towards homeostasis [14]. It has been observed
that REM sleep deprivation in rats produces enhanced male
sexual behavior and genital reflexes [15, 16]. Although in
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clinical practice, the differential diagnosis between organic
and psychogenic impotence in humans is made by moni-
toring erections during sleep, the neural basis for psy-
chogenic impotence remains unidentified. We previously
reported that both excitatory and inhibitory mechanisms for
erection are present within the septal area, as different
strengths of stimulating current evoked erectile response or
inhibition from the same locus [13]. However, information
on the putative categories of erection-related neurons
operating specifically during different states of vigilance is
lacking. To address this question, we proposed to record
single neurons in behaving animals under sleep and waking
cycles. Therefore, the present study was aimed to: (1)
record single units at the time of erection during waking
and REM sleep from the septal area in un-anesthetized
head-restrained rats; and (2) elucidate the distribution of
these neurons in this area. Penile erection was assessed
telemetrically by the pressure transducer technique and by
electromyography (EMG) of the bulbospongiosus (BS)
muscle in order to draw a better temporal correlation
between septal neurons and changes in the corpus spon-
giosum of penis (CSP) pressure.

Materials and methods
Animals

The study was conducted in 14 adult Sprague—Dawley rats
(270-375 g) obtained from Japan SLC Inc. (Hamamatsu,
Japan), and maintained on a 12-h light/dark cycle at an
ambient temperature of 22.0 £ 0.1 °C with food and water
given ad libitum.

Surgical procedures

Surgery was performed under sodium pentobarbital anes-
thesia (50 mg/kg, i.p., supplemented when necessary).
Animals were pretreated with atropine (0.4 mg/kg, i.p.)
and lidocaine (2%) was applied at the site of incision.
Penile erection was assessed by pressure in the bulb of the
CSP and the EMG of the BS muscle, as described else-
where [10, 13]. Briefly, the pressure transducer (TA11PA-
C40, Data Sciences International, St. Paul, USA) was
placed subcutaneously and sutured to the abdominal mus-
cles. The tip of the transducer catheter was inserted into the
bulb of the CSP through an incision made by a needle on
the penile shaft, and the incised area on the penile tissue
was sealed using one or two drops of veterinary glue
(Vetbond). To prevent displacement of the catheter, a small
stitch secured it to the fascia overlying the penile shaft. The
CSP pressure signal was sent telemetrically to the receiver
(RPC-1, Data Sciences International, St. Paul, USA) kept
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below the animals. To record the BS muscle EMG, a pair
of insulated multi-stranded stainless steel wires with bare
tips was inserted into the BS muscle, and the free end was
passed subcutaneously over the incised skin on the skull to
connect them to the socket. After implantation of elec-
trodes for BS EMG and catheter for CSP monitoring, the
skin on scrotum was sutured. The heads of the animals
were fixed in a stereotaxic instrument and the skin was
excised to expose the skull. For electroencephalogram
(EEG) recording, stainless steel screws, 1.4 mm in diam-
eter, were screwed into the skull overlying the frontal and
parietal cortices. Three or four additional screws were
placed into the skull as anchors. Two insulated multi-
stranded stainless wires with bare tips inserted into the
neck muscle were used as EMG electrodes. Electrodes for
EEG and neck EMG activity were implanted for assess-
ment of the vigilant state. The free end of the neck EMG
was taken subcutaneously over the skull for connection to
the socket. The area where a piece of skull was removed
just above the recording area was maintained centrally with
a thin layer of dental cement for easy access during
experiments. For chronic recording under un-anesthetized
head restraining conditions, a U-plate plexiglass plate
(width, 20 mm; length, 30 mm; thickness, 5 mm) was
placed horizontally and fixed to the skull using dental
acrylic cement. During recording, the U-plate was used to
immobilize the head painlessly in a stereotaxic position by
inserting four holes carved on both sides of the frame to the
earbars of the stereotaxic instrument. Gentamycin ointment
(0.1%) was applied at the incision sites, and after surgery,
penicillin (60 mg) and analgesic voveron (0.5 mg/b wt,
i.m.) were given for 4 or 5 days.

Electrophysiology

After a post-operative recovery period of at least 7 days,
rats were habituated to a recording chamber, a plastic case
sized to their body, for 3-5 h a day with their heads fixed to
the stereotaxic frame using a U-shaped plate on their head.
This was repeated for 2-3 days until the experiment began.

In order to facilitate REM sleep, rats were deprived of
sleep on the night before the experiment for 10 h in a
slowly rotating wheel (diameter, 37 mm; width, 10 cm;
1.2 rpm) with easy access to food and water. After sleep
deprivation, rats were allowed to rest for 2-3 h in their
cages. For recording, rats were fixed to the stereotaxic
frame with the U-shaped plates on their heads, and their
bodies placed in the plastic box. Under these conditions,
animals could move their bodies and limbs for postural
adjustments.

Throughout the experimental period of 7-8 h, animals
generally remained calm and showed no signs of discom-
fort. A small piece of skull overlying the septum was
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trephined. Through a small slit in the dura made under
local anaesthesia, single unit discharges were recorded
extracellularly with a glass pipette electrode filled with
0.5 M sodium acetate containing 2% Pontamine sky blue
(DC resistance, 15-20 MQ). The electrode was introduced
stereotaxically into the septal area either angularly
(10-18°) or vertically to target the MS or the LS, respec-
tively, without rupturing the mid-sagittal sinus, using
coordinates from Paxinos and Watson [17]. The single
units were amplified using conventional methods with a
band pass of 50-10,000 Hz. EEG and EMG were amplified
and filtered (0.53-120 and 160-1000 Hz, respectively)
through conventional amplifiers (AB651J, Nihon Kohden,
Japan) and with data on CSP pressure, they were fed to the
signal acquisition system (CED1401, Cambridge Elec-
tronic Design, Cambridge, UK). Units were recorded
simultaneously with EEG and EMG (neck) for assessment
of vigilant state, CSP pressure and BS EMG for penile
erections.

Histological confirmation of recording sites

Recording sites were verified histologically by ion-
tophoretically ejecting Pontamine sky blue with a cathodal
current of 20 pA for 3 min. Four to eight spots were made
in each animal and positions of neurons were reconstructed
from these spots. At termination of the experiment, the
animal was deeply anesthetized with pentobarbital, per-
fused transcardially with 300 ml of physiological saline
followed by same amount of 10% formalin. The brain was
removed and post-fixed in the same solution overnight, and
was immersed in a 30% sucrose solution. Serial sec-
tions (50 pm) in the coronal plane were then cut on a
freezing microtome and were stained with neutral red. A
photomicrograph showing the tip of the electrode (as-
terisk), which was marked by ejecting pontamine sky blue,
is shown in Fig. 1.

Fig. 1 Photomicrograph of
coronal section showing
recording site in the septum
(triangle) marked with
Pontamine Sky blue. AC
anterior commissure, CC corpus
callosum, LS lateral septum, LV
lateral ventricle, MS medial
septum

Data analysis

Neurons that could be recorded for at least two states of
vigilance and one episode of erection were selected for
analysis. Spike-2 software was used for analyzing the
neuron firing rate. The mean firing rate (f) of neurons
during waking (W), slow wave sleep (SWS) and REM
sleep were calculated in order to assess the relationship
with the vigilant state. Neurons were classified into R, W,
S, W/R and N types based on their most active stage of
sleep or waking. R type neurons were those most active
during REM sleep f(REM) > f(W) and f(SWS); in these
neurons f(W) was lower than or about same as f(SWS)
(£ 10%) or, in some neurons, was higher than f(SWS), but
had a low value (<1.4 Hz). Neurons were classified as W/R
type if both f(W) and f(REM) were higher than f(SWS);
those whose f(W) and/or f(REM) had low values (<1.4 Hz)
were not included in this group, even if they were higher
than f(SWS). Neurons most active during W were classi-
fied as W type; f(REM) was lowest or lower than 1.4 Hz. S
type neurons were those that fired faster during SWS than
during W and REM sleep. Neurons showing no clear
changes in firing rate based on sleep and waking were
grouped as N type.

Erection consisted of a slow rise in CSP pressure from
the flaccid baseline (BL), followed by a number of sharp
pressure peaks with at least one supra-systolic pressure
peak resulting from the BS muscle activity. The start of
erection was marked when the CSP pressure reached
BL + 30 mmHg. The end of the event was defined as
when the CSP pressure fell below BL + 30 mmHg for
more than 15 s. The period from the start to the end of
erection was erection period (EP). A twenty-second period
prior to the EP was defined as pre-EP, and a 20 s period
after the EP was taken as post-EP. Non-erection period
(non-EP) was defined as the rest of the period of REM
sleep or of waking.
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Quantitative criterion to define various neuron types
in relation to erection

Erection-related neurons were grouped as excitatory (E) or
inhibitory (I) based on their activity in relation to CSP
pressure changes during erection. The neuron was defined
as E-type if the firing rate during pre-EP or EP became
more than 40% higher than that during non-EP. It was
defined as I-type if the firing rate during pre-EP or EP
decreased to less than 60% of that during non-EP. To
identify whether the neuron showed tonic or phasic firing
during a particular state, the coefficient of variance (vc)
value was calculated. The neuron was defined as tonic if it
had a vc value of less than 1.3 and phasic when the vc was
more than 1.3. The probability of occurrence of the E or I
neurons during waking or REM sleep were compared using
Fisher’s exact probability test. Differences were considered
to be significant at p < 0.05.

Results

A total of 143 neurons were recorded with penile erection
during REM sleep and/or during waking. Of these, 100
were recorded when erection appeared during REM sleep
and 60 were recorded with erection during waking.
Seventeen neurons were recorded when erection occurred
during both states.

Characterization of neurons in relation to erection

Of 100 neurons that were recorded with erection during
REM sleep, 36 neurons were E-type, 24 were I-type and 40
were not related to erection (Table 1). Of 60 neurons that
were recorded with erection during waking, 6 were E-type,
21 were I-type and the remaining 33 were NR type.
Excitatory neurons were grouped into E1, E2 and E3, in
which the highest firing rate appeared during pre-EP, EP
and post-EP respectively (Fig. 2). A typical example of an
El neuron that became most active prior to the onset of
erection is shown in Fig. 3. This neuron started to increase
firing 17 s before erection, remained active at 6.0 Hz
during pre-EP, during the first 10 s of erection, and then
almost ceased firing during the rest of EP, making the
overall mean firing rate during EP 2.8 Hz. The firing of the
neuron decreased to 0.79 Hz during post-EP, which was
similar to the level during non-EP (0.84 Hz).

Of 15 E1 neurons, firing of 8 (including this neuron)
during EP was maintained at more than 40% higher than
that during non-EP, while in the remaining seven, firing
during EP decreased to non-EP levels (Fig. 2). In E2
neurons, firing started to increase 3.5 s before erection and
was maintained at 6.4 Hz during EP (Fig. 4). Of 20 E2
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Table 1 Number of neurons related to erection during REM sleep
and waking

Erections during REM sleep Erection during waking

Type Sub-type n Total  Sub-type n Total
E El 14 36" El 1 6
E2 17 E2 3
E3 5 E3 2
I 11 12 24 Il 7 2%
12 9 12 10
I3 3 I3 4
NR 40 40 33 33
All types 100 60

E excitatory, [ inhibitory, NR not related to erection

Comparison of neuron types between REM sleep and waking state is
denoted by®, and comparison of neuron types within one state is
shown by*

skl

p < 0.001
## p <0.01

neurons, 10 neurons showed increased in firing during Pre-
EP at 40% higher than during non-EP and further peaking
during EP, while in remaining half, increases in firing were
seen only during EP. In E3 neurons, in addition to
increased firing (more than 40% higher than that during
non-EP) during EP, firing further increased during post-EP
(Figs. 2, 5). It was also observed that a majority of the E
neurons (66.6%) displayed tonic firing during erection,
while in the remaining neurons, some showed phasic firing
during individual supra-systolic peaks of erectile event.

Inhibitory neurons were similarly classified into three
types, I1, 12 and I3, in which the lowest firing rate
appeared during pre-EP, EP and post-EP, respectively
(Fig. 2). I1 neurons firing decreased immediately prior to
erection and increased during EP, reaching the level seen
during non-EP (Fig. 6). In 10 of 19 Il neurons, the sup-
pression of firing was restricted to pre-EP, while in others
(n =9), firing during EP decreased to less than 60% of
that during non-EP (Fig. 2). 12 neurons showed firing that
almost completely stopped during EP, and recovered
quickly to non-EP levels during post-EP (Fig. 7). In the
majority of 12 neurons (17 of 19, 89.5%), the decrease in
firing appeared only during EP, while in the remaining
neurons (n =2, 10.5%), the decrease in firing started
during pre-EP, becoming less than 60% of non-EP values
(Fig. 2). I3 neurons showed a decrease in firing during
EP, and continued to be suppressed, even during post-EP
(Fig. 8).

In 17 neurons, neuronal activity was recorded with
erection during two stages (Table 2). Among these, three
neurons were specifically related to erection during REM
sleep; one was excitatory (E1 type) and two were inhibitory
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Fig. 2 Changes in mean firing rate of erection-related neurons at different phases of erection. E/, E2 and E3 subclasses of E-type neurons, /1, I2
and 13 subclasses of I-type neurons, closed circles REM sleep, open circles Waking, EP erection period

(I1 type). Six neurons showed the same activity pattern in
erection during both stages (one was E type, 5 were I type).
Five neurons showed different activity patterns in erection
during REM sleep and during waking (four were E-type
during REM sleep and I-type during waking, and one was
I-type during REM sleep and E-type during waking). The
neuron in which firing increased before erection during
REM sleep (El type) and decreased during and after
erection in waking (I2 type) is shown in Fig. 9.

Table 1 summarizes the number of neuron types in
relation to erection during waking and REM sleep, indi-
cating that the ratio of E type neurons was significantly
larger during REM sleep (36/100) than during waking (6/
60) (Fisher’s Exact test, p = 0.003), and that during

waking, the ratio of I type neurons (21/60) was signifi-
cantly larger than that of E type neurons (6/60)

(» = 0.001).

Classification of erection-related neurons according
to sleep—wake states

Of 36 E-type neurons recorded with erection during REM
sleep, the majority (33 neurons, 91.6%) showed higher
activity during REM sleep (REM active); 28 (77.7%) were
R type and 5 (13.8%) were W/R type (Table 3). Similarly,
of 24 T type neurons, 22 (16 R type and 6 W/R type,
91.6%) were also REM active. With regard to neurons
recorded with erection during waking, all E-type neurons
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Fig. 3 Illustration of El neuron firing in relation to erection during
REM sleep. The neuron showed an increase in firing prior to the onset
of erection, and this tonic firing continued to the early-phase erection
period. BS bulbospogiosus, CSP corpus spongiosum of penis, EEG
electroencephalogram; EMG electromyogram, Rate mean firing rate,
Spike neuronal firing
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Fig. 4 Illustration of E2 neuron firing in relation to erection during
REM sleep. The neuron showed a tonic increase in firing prior to the
onset of erection, and this was maintained throughout the erection
period. BS bulbospogiosus, CSP corpus spongiosum of penis, EEG
electroencephalogram, EMG electromyogram, Rate mean firing rate,
Spike neuronal firing
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Fig. 5 Illustration of E3 neuron firing in relation to erection during
REM sleep. The neuron showed maximum firing in the post-erection
period. BS bulbospogiosus, CSP corpus spongiosum of penis, EEG
electroencephalogram, EMG electromyogram, Rate mean firing rate,
Spike neuronal firing
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Fig. 6 Illustration of I1 neuron firing in relation to penile erection
during REM sleep. The neuron showed a decrease in firing prior to
erection
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Fig. 7 Illustration of 12 neuron firing in relation to erection during
waking. The neuron showed a decrease in firing during the erection
period
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Fig. 8 Illustration of I3 neuron firing in relation to erection during
REM sleep. The neuron showed a decrease in firing during the
erection period and continued to be suppressed during the post-
erection period

were waking active (2 were W type and 4 were W/R type).
The majority of I-type neurons (18/21; 85.7%) were REM
active (15 R type and 3 W/R type).
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Table 2 Number of erection-related neurons recorded with erection
during both REM sleep and waking

Neuron types in relation to erection during Numbers of neurons (n)

REM sleep Waking

E NR 1
I NR 2
E E 1
I I 5
E I 4
I E 1
NR NR 3

E excitatory, I inhibitory, NR no relation, n number of neurons

Distribution of erection related neurons in the septal
area

The locations of the recorded neurons are shown in the coronal
sections of the forebrain at four levels in the anterior—posterior
region (Fig. 10). During both REM sleep and waking, E type

neurons were largely recorded from the LS (46.4%) during
REM sleep and 13.6% during waking), but not at all from the
MS (Table 4). On the other hand, higher percentages of I-type
neurons were recorded from the MS (60%) during REM sleep,
and 62.5% during waking than from the LS (21.7%) during
REM sleep and 34.1% during waking.

Within the LS, the majority of E-type neurons were
recorded from LSd and LSi, (11/16, 69 and 19/37, 51%,
respectively) during REM sleep, but not during waking (0/
9, 0 and 4/26, 15%, respectively), as shown in Table 4.
Higher percentages of I type neurons were recorded in the
LSv both during REM sleep (6/16, 38%) and waking (5/9,
56%). Few erection-related neurons were recorded from
the diagonal band (DB) and adjoining areas (Table 4).

Discussion
The present study documents, for the first time, the firing

properties of erection-related neurons in the septal area
recorded during different states of vigilance, and highlight

Fig. 9 Firing of a neuron REM sleep Wake
recorded during both states, Neck | ] L |
REM sleep and waking. The EMG | 1 LU 4 11 mv

neuron is specifically active in
relation to erection during REM
sleep, showing tonic firing prior BS
to erection during REM sleep,
but did not show such firing in
relation to erection during
waking ‘

‘15 Hz

— Non-EP Pre-EP EP Post-EP

10s

Pre-EP EP Post-EP Non-EP

Table 3 Number of erection-
related neurons classified

Neuron type in relation to PE during REM sleep

Neuron type in relation to sleep—wake stages

according to relationship with w S R W/R N Total
sleep/wakefulness
E 1 0 28 5 2 36
I 1 1 16 0 24
NR 3 3 20 10 4 40
Total 5 4 64 21 6 100
Neuron type in relation to PE during waking  Neuron type in relation to sleep-wake stages
w S R W/R N Total
E 2 0 0 4 0 6
I 0 3 15 3 0 21
NR 3 3 16 7 4 33
Total 5 6 31 14 4 60

E excitatory, I inhibitory, N not related to sleep/wakefulness, NR not related to erection, R REM sleep
related, S slow wave sleep related, W wake related, W/R wake and REM sleep related
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Fig. 10 Histological representation of erection-related neurons plot-
ted on diagrams of serial coronal sections around the septal area. Left
hemisection shows neurons recorded during waking; Right hemisec-
tion shows neurons recorded during REM sleep; ® Neurons excitatory
to erection; o Neurons with reduced firing during erection. Numbers
above each section indicate distance from the bregma. AC anterior

~O /
\/
v/

TR

PN 77/ 709\
\|||//o oy W\
\

commissure, f fornix, HDB horizontal limb of diagonal band of Broca,
Ld lambdoid septal zone, LSd, LSi and LSv indicate dorsal,
intermediate and ventral parts of the lateral septum, respectively,
MS medial septum, SFi septofimbrial nucleus, VDB vertical limb of
diagonal band of Broca

Table 4 Number and ratio of

. . Area REM sleep Walking
erection-related neurons in the
septal area E 1 N Total E 1 N Total
LSd 11 (69.8) 3 (19.7) 2 (12.5) 0 (0.0) 3 (33.3) 6 (66.7) 9
16
LSi 19 (51.4) 6 (16.2) 12 (324) 4 (15.4) 7(26.9) 15 (57.7) 26
37
LSv 2 (12.5) 6 (37.5) 8 (50.0) 2 (22.2) 5 (55.6) 2(22.2) 9
16
LS 32 (46.4) 15 (21.7) 22 (31.9) 6 (13.6) 15 (34.1) 23 (52.3) 44
69
MS 0 (0.0) 6 (60.0) 4 (40.0) 0 (0.0) 5 (62.5) 3 (37.5) 8
10
SFi/f/Ld 3 (42.8) 2 (28.6) 2 (28.6) 0 (0.0) 1(33.3) 2 (66.7) 3
7
DB 1(7.1) 1(7.1) 12 (85.8) 0 (0.0) 0 (0.0) 5 (100.0) 5
14
60
100

The values represent number of neurons in each area and the ratio of each type of neuron to recorded
neurons in the corresponding area (in bracket)

E excitatory, I inhibitory, N no relation, LSd LSi LSv dorsal, intermediate and ventral part of the lateral
septum respectively, MS medial septum DB diagonal band of Broca, SFi/f/Ld septofimbrial nucleus/fornix/

lambdoid septal zone

the probable neural mechanisms for penile erections
operating in this area. In addition, the functional signifi-
cance of such neurons in erectile responses is discussed.
Presence of both E- and I-type neurons in relation to
erection during waking and REM sleep suggests dynamic
erectile machinery that yields activation or suppression of
erections. A considerable number of E-neurons during
REM sleep in comparison to erections during waking
indicate an erectile mechanism predominantly active dur-
ing REM sleep in the absence of external stimuli. Majority
of the E-type neurons (27/35, 77%) were REM sleep-
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specific (R type), and 65% (15/23) of I-type neurons were
also R type, suggesting that one group of R type neurons
has an excitatory role, whereas activation of another pool
results in inhibition of erections during REM sleep. In
erections during waking, a relatively large number of I-type
neurons were R type, indicating that these neurons possibly
had inhibitory inputs.

Successful recording of activity in 17 neurons in two
stages during erection indicated that a population of septal
neurons is specific to erections during REM sleep (one was
E-type, and two were I-type). It is also true that another
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population is involved in erections in general; both during
REM sleep and waking (one was E type, and 5 were I
type). E1 neurons that increased their firing during pre-EP
appear to play an important role in initiating erections. The
tonic increase in their firing may be important in building
the slow rise in CSP pressure before erection. E2 neurons
that increased firing during EP would be involved in sub-
sequent full achievement of the erectile event. The initial
increase in firing rate in some E2 neurons during pre-EP
would be significant for initiating the slow CSP rise simi-
larly to E1 neurons. These neurons would thus be partici-
pating in both initiating and establishing a full erection. E3
neurons showing increased peak firing after EP would be
involved in processing the sensory information generated
during erectile events. Association of the septum with
pleasure and sexual excitement is evident from the
intracranial self-stimulation studies in rats [18] and humans
[19]. Recent functional magnetic resonance imaging stud-
ies have also depicted activation in the septum after ejac-
ulation in healthy human subjects [20]. The septum is
connected with other pleasure/reward areas, including the
medial forebrain bundle and ventral tegmental area
[21, 22]. Thus, activation of the E3 type neurons may also
contribute to such pleasure circuits.

Some of the phasic firing neurons in which firing was
closely related to sharp CSP peaks may be responsible for
driving the CSP pressure peaks during erection. However,
phasic firing was not related to erection in the majority of
phasic firing neurons. These neurons would primarily
receive sensory feedback rather than driving individual
suprasystolic peaks.

Decreased firing in I1, 12 and I3 type neurons at different
phases of erection suggests the presence of an inhibitory
network in vicinity. Release from inhibition (disinhibition)
of these neurons in appropriate order would allow the smooth
occurrence of erection. It is also probable that 12 and I3 type
neurons receive sensory inhibition from erection.

We also found that 88% (51/58) of the NR neurons
showing no relationship to erection were sleep related (R,
WR, S, or W type) during REM sleep or waking, thus
indicating that one group of NR neurons regulates only
sleep—wakefulness. Localization of E-type neurons, par-
ticularly in the LSd and LSi, clearly demonstrated func-
tional segregation within the LS for erection during REM
sleep. This notion supports our previous findings in which
erections were electrically evoked only from the LSd and
LSi but not from the LSv [13]. Neuroanatomical studies
have revealed the ascending projections from the meso-
pontine tegmental REM sleep generating areas; the
pedunculopontine and laterodorsal tegmentum nuclei to the
LSd and the LSi sparing the LSv [23-25]. The LSi sends
projections to the lateral proptic area [26], the area known
to regulate erections during REM sleep [27]. The LSD/LSi

would thus be a relay center mediating excitatory drive for
erection during REM sleep from the mesopontine
tegmental area to the lateral preoptic area. An abundance of
I-type neurons in the MS during both states suggests the
presence of inhibitory networks in this area for erectile
response. This finding supports earlier reports, in which
lesions involving MS neurons produced activation in cop-
ulatory behavior and erection [1, 5, 12]. The septum is
richly innervated by noradrenergic fibers arising from the
locus coeruleus and caudal brainstem [28, 29]. The nora-
drenergic system in the LS has a stimulatory role in male
sexual behavior in rats [2]; it is possible that a group of
E-type neurons during waking are activated by NE. The
role of glutamate cannot be ruled out, as the LS receives
massive glutamergic fiber inputs from the hippocampus via
the fornix [30], an area that participates in erection [31].
The dorsal and intermediate parts of the LS receive
cholinergic afferents from the LDT [32], indicating a
plausible role of acetylcholine in erection during REM
sleep. The MS is rich in GABA neurons, and sends
GABAergic fibers to the hippocampus [33]. In light of
these findings, it is possible that in the MS, GABA may be
a key neurotransmitter in the I neurons.

Erection during waking is regulated by a number of
brain areas including the amygdala, bed nucleus of the stria
terminalis, hippocampus, medial preoptic area, olfactory
bulbs, paraventricular nucleus and septum [13, 31, 34-38].
The lateral preoptic area regulates the erections appearing
only during REM sleep and not during waking [27]. We
reported in a single neuronal recording study that the
mesopontine tegmental area has a role in erection during
REM sleep [39], and this was further confirmed by an
electrical stimulation study [40]. The present study sup-
ports the notion that the septum is involved in erection
during REM sleep. The potential connections between
these areas (septo-preoptic-mesopontine system) for erec-
tile function need to be explored further.

The function of erection during REM sleep remains a
matter of speculation, but it may be helpful in securing a
successful erection during waking. In humans, erection
patterns during REM sleep are so regular that they are
clinically used to differentiate organic and psychogenic
impotency. Erections have also been reported during the
REM sleep in human fetus and infants [41, 42]. REM sleep
deprivation in the neonatal period produces deficits in
sexual behavior in later life stages in mammalian species
[43, 44], while REM sleep deprivation in adult rats acti-
vates male sexual behaviour [15]. Erections during REM
sleep may have a role in the development of a normal
erectile circuit. It is also possible that hyper-activity of
I-type neurons or hypo-activity of E-type neurons results in
ineffective occurrence or suppression of erection. As the
septum is also involved in the control of emotion and
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motivation [26, 45], it may be a potential target for erectile
dysfunction of psychogenic origin.

This is a unique study providing insight into the func-
tional prospective of the septal neurons in relation to both
sleep and erection. The findings illustrate the extensive
network of various types of neurons in the septal area that
fire in a concerted manner in correlation to complex
physiological phenomena erection during different vigilant
states of sleep and waking. The present knowledge will
contribute to understanding the interrelationship between
sleep and erectile function under conditions such as stress,
anxiety, depression and insomnia, which are on the
increase in modern society. Crucial information on the
activity of I or E-type neurons may also facilitate our
understanding of the neural basis of psychogenic
impotency.

A future study could be targeted to identify the neural
phenotype in the septal area using optogenetic techniques
to selectively activate and deactivate the neurons in free
moving rats that are involved in erectile processes
[46—48]. Even though, there have been attempts to elicit
erections by peripheral stimulation of using optogenetic
tools, the central mechanism needs to be studied in detail
[46]. Thus, retrograde tracing techniques along with cell-
lineage genetic tracing approaches would be useful in
identifying the neuronal pathways and functions of the
septal area in relation to sleep and erectile functions
[49, 50].
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