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Hippocampal 0 Field Activity and 8-ON/&OFF Cell Discharges Are 
Controlled by an Ascending Hypothalamo-Septal Pathway 
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The nature of the control of hippocampal formation field 
activity [theta (4) and large-amplitude irregular activity (LIA)] 
and &on/B-off cell discharges by an ascending hypothalamo- 
septal pathway was investigated in urethane-anesthetized 
rats. 

Electrical stimulation of the dorsomedial-posterior hypo- 
thalamus in the range of 0.1-l .O mA in 0.1 -mA steps pro- 
duced 13 in the hippocampal formation, with a linear positive 
relation between stimulus intensity, 8 frequency, and 0 am- 
plitude. Reversible blockade of the medial septal (MS)/ver- 
tical limb of the diagonal band of Broca (vDBB) region by 
microinjection of procaine hydrochloride abolished sponta- 
neous and hypothalamically elicited 0, resulting in a field 
activity at 1 -min post-procaine that had a lower power than 
pre-procaine LIA levels. The efficacy and recovery of the 
MWDBB suppression was tested at 1, 10, 20, 30, 40, 50, 
and 60 min post-procaine using 0.5, 0.6, and 1.0 mA of hy- 
pothalamic stimulation. All three of the dependent measures 
of hippocampal field activity (frequency, amplitude, and 
power) showed a progressive recovery during the 60-min 
post-procaine period. Frequency exhibited a rapid recovery 
with a shallow slope between 20 and 60 min post-procaine. 
In contrast, the amplitude and power of 0 exhibited a gradual 
recovery with a steeper slope between 20 and 60 min post- 
procaine. During the time of maximal MS/vDBB suppression, 
e-on cell discharges were reduced to 0 in most cases. The 
initial recovery of e-on cells in the post-procaine condition 
was correlated with the first appearance of 0 and was char- 

acterized by low discharge rates. The gradual recovery to 
pre-procaine discharge levels (along with discharge pattern) 
paralleled the recovery of 0 amplitude and power, not the 
recovery of B frequency. In contrast to the suppression of 
e-on cells during the maximal suppression of the MS/vDBB, 
e-off cells continued to discharge at rates that were not sig- 
nificantly different from the pre-procaine levels accompa- 
nying LIA. The inhibition of &off cells normally produced by 
hypothalamic stimulation was also abolished during the time 
of maximal suppression of the MS/vDBB. The hypothesis 

Received Aug. 13, 1990; revised Feb. 15, 1991; accepted Feb. 27, 1991. 
This work was supported by Natural Sciences and Engineering Research Council 

of Canada Grant A9935 to B.H.B. A significant portion of the work was carried 
out by James W. Smythe in partial fulfillment of his Ph.D. dissertation require- 
ments. We thank Monica Mueller for the excellent typing and editorial work and 
G. Smith and S. Oddie for technical contributions. 

Correspondence should be addressed to Brian H. Bland at the above address. 
= Present address: Department of Psychology and Neuroscience Research Cen- 

tre, University of Otago, Dunedin, New Zealand. 
Copyright 0 1991 Society for Neuroscience 0270-6474/9 l/l 12241-08$03.00/O 

that hippocampal formation e-on cells received excitatory 
cholinergic projections and B-off cells received inhibitory GA- 
BAergic projections was supported. 

The existence of an ascending brainstem pathway that produces 
synchronous theta (0) field activity in the hippocampal forma- 
tion when electrically stimulated has been well documented 
(Bland, 1986; Vertes, 1986). This pathway originates in the 
rostra1 pons, ascends through the medial hypothalamus to the 
medial septal (MS)/vertical limb of the diagonal band of Broca 
(vDBB) region, and from there projects to the hippocampal 
formation. Electrical stimulation of the pathway at the level of 
the dorsomedial-posterior hypothalamic nuclei has been shown 
to activate the discharges of e-on cells and suppress those of B- 
off cells, in both the hippocampal formation and MS/vDBB 
(Colom et al., 1987; Bland et al., 1990). Pharmacological studies 
utilizing urethane-anesthetized rats demonstrated that e-on cells 
were sensitive to cholinergic agonists and antagonists while B-off 
cells were not (Bland and Colom, 1988, 1989). Based on these 
observations and recent immunohistochemical work (Nyakas 
et al., 1987; Freund and Antal, 1988), it was suggested that 
hippocampal e-off cells may be inhibitory interneurons, receiv- 
ing inhibitory GABAergic inputs from the MS/vDBB. 

The present research had three main objectives: (1) to char- 
acterize the effects of electrically stimulating the dorsomedial- 
posterior hypothalamic nuclei on hippocampal formation field 
activity, specifically on 0 frequency, amplitude, and power; (2) 
to determine if the effects of hypothalamic stimulation on hip- 
pocampal field activity were mediated by the MS/vDBB region, 
by reversibly suppressing the latter with procaine HCl; and (3) 
to determine if the effects of hypothalamic stimulation on hip- 
pocampal e-on and e-off cells were mediated by the MS/vDBB 
region, again by reversibly suppressing the latter by procaine 
HCl. Our guiding hypothesis for the third objective, based on 
our previous research, was that e-on cells in the hippocampus 
received excitatory cholinergic inputs, and B-off cells received 
inhibitory GABAergic inputs, from the MS/vDBB. Temporary 
blockade of the MS/vDBB should therefore have opposite effects 
on the discharge properties of e-on and &off cells. The studies 
were carried out using acute urethane-anesthetized rats and re- 
versible blockade of the MS/vDBB by procaine hydrochloride 
(Malpeli and Schiller, 1979). 

Portions of this research have been presented previously 
(Christie and Bland, 1989; Smythe et al., 1990a,b). 

Materials and Methods 

The data were obtained from 40 male black-hooded rats (0.250-0.400 
kg) supplied by the Animal Care Services at the University of Calgary. 
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Figure 1. Diagrammatic representation of the recording, stimulation, 
and microinfusion arrangement. A tungsten microelectrode was placed 
into the stratum moleculare (upper blade) of the dentate gyrus as a 
reference to monitor hippocampal formation field activity. Cells were 
recorded in the opposite hippocampal formation (HIP) using a glass 
microelectrode. A bipolar, twisted-stainless-steel stimulating electrode 
was placed in the dorsomedial-posterior nuclear region of the medial 
hypothalamus. A guide tube was implanted above the septum to facil- 
itate the placement of the microinfusion cannula in the MS/vDBB. 

The rats were initially anesthetized with halothane while tracheal and 
jugular cannulas were inserted. Halothane was then discontinued, and 
urethane (0.8 gm/ml) was administered via the jugular cannula to main- 
tain an appropriate level of anesthesia during the remaining surgical 
and experimental procedures. 

The rats Were placed in the stereotaxic instrument with the plane 
between bregma and lambda leveled to horizontal. An uninsulated tung- 
sten wire placed in the cortex, anterior to bregma, served as an indifferent 
electrode, and the stereotaxic frame was connected to ground. A tungsten 
microelectrode (0.2-0.5 Ma) for recording hippocampal field activity 
was placed in the right dorsal hippocampal formation in the dentate 
molecular layer (3.0-3.3 mm posterior to bregma, 2.0-2.5 mm lateral 
to the midline, and 2.4-2.8 mm ventral to the dural surface). Cell re- 
cordings in the left hippocampal formation were made at the same 
posterior and lateral coordinates, starting at the alvear surface and con- 
tinuing ventral to the lower (endal) blade of the dentate granule cells. 
Cells were recorded with glass microelectrodes (4-6 MB) filled with 0.5 
M sodium acetate, mixed with 2% Pontamine sky blue. The hypotha- 
lamic stimulating electrode was bipolar, constructed of 250-pm stain- 
less-steel wire, insulated to the tip, and soldered to male subminiature 
connectors. The coordinates were 3.3 mm posterior to bregma, 0.0 mm 
lateral to the midline, and 6.5-7.0 mm ventral from dural surface. The 
hypothalamic coordinates resulted in electrodes positioned in the region 
of the pars dorsalis portion of the dorsomedial nucleus and the posterior 
hypothalamic nucleus. The infusion cannula consisted of a 30-gauge 
hypodermic needle fastened to a length of PE50 intramedic tubing. The 
infusion cannula was inserted into a 23-gauge hypodermic guide tube 
and extended beyond it 2 mm (Rowntree and Bland, 1986). The guide 
tube served as a holder to facilitate stereotaxic placement of the infusion 
cannula. The infusion cannula was placed in the MWDBB region, 0.5 
mm anterior to bregma, 0.0 mm lateral to the midline, and 5.5-6.0 mm 
ventral from the dural surface. A diagrammatic representation of the 
recording, stimulating, and infusion placements in the brain is shown 
in Figure 1. Infusion pressure was generated and maintained by a mi- 
croinfusion pump. Procaine hydrochloride (10% by weight, pH 6.6) was 
infused at a rate of 1 rl/min. Tip locations of the microelectrodes were 
marked by passing 50 PA of current for 10 min (5 min cathodal, 5 min 
anodal). Frozen brain sections (40 pm) were taken serially and mounted 
on glass slides for subsequent thionine staining. Brain signals were am- 
plified and displayed in the manner we have described previously (Co- 

lom and Bland, 1987). All signals were stored on an PM tape recorder 
for subsequent computer analysis. 

In the first series of experiments, the effects of hypothalamic stimu- 
lation on hippocampal formation field activity were determined with 
the MS/vDBB intact, during procaine hydrochloride blockade of the 
MS/vDBB, and finally, during the time up until the MS/vDBB recov- 
ered. In the second series of experiments, the same procedure was fol- 
lowed, with the addition of recording from hippocampal formation &on 
and B-off cells. The hypothalamus was stimulated with square-wave 
pulses, 0.1 msec in duration, at a frequency of 100 Hz for 5 sec. The 
durations of the stimulation periods were recorded on tape by means 
of a synchronizing pulse from the stimulator. Current amplitudes used 
were 100-1000 PA, in lOO-PA steps. Each current level was admin- 
istered three times, and all current levels were presented in random 
order. Due to the lOO-Hz artifact, we could only visually and auditorily 
analyze the cell data during the 5-set stimulation period. Quantitative 
analysis began immediately after the stimulation was terminated. For 
linear regression analyses, only the first 1 set of the poststimulation 
period was analyzed. 

Data were analyzed off line in the manner we have described previ- 
ously (Bland and Bland, 1986; Colom and Bland, 1987). The simulta- 
neously occurring hippocampal field activity accompanying every sam- 
ple of cell activity was led into a dual-channel signal analyzer yielding 
frequency spectographs with the amplitude expressed as power (dB). 
Field activity was classified as either ~9 or LIA by the following criteria: 
(1) 19 was defined as a sinusoidal-like activity with a peak frequency of 
2-8 Hz and a small bandwidth, and (2) LIA was defined as a large- 
amplitude, irregular activity with a broad frequency band (0.5-25 Hz; 
Leung et al., 1982). Power was determined at the peak frequencies of 
both spontaneous and hypothalamically elicited 0. In the cases where 
no peak 0 frequency occurred (LIA and post-procaine conditions), power 
was measured where the peak frequency of spontaneous 0 occurred for 
that animal. 

Results 

Histology revealed that in all 40 rats the reference electrode for 
monitoring hippocampal formation field activity was accurately 
positioned close to the stratum moleculare of the dentate gyrus. 
The tips of the stimulating electrodes were in the dorsomedial- 
posterior hypothalamic nuclei in 36 out of the 40 rats. In three 
rats, the tips were close to the border region of these nuclei, and 
the remaining tip was located in the ventromedial nucleus. All 
the infusion sites that produced an effective block of hypoth- 
alamically induced 19 (30 out of 40 rats) were located in the MS/ 
vDBB. Of the 30 cells recorded, 11 were located in the CA1 
layer, 11 were located in the dentate granule layer (upper blade), 
and eight were located in the hilar region. 

Hypothalamic stimulation and hippocampalfield activity 

Electrical stimulation of the dorsomedial-posterior hypotha- 
lamic nuclei produced 6’ field activity in the hippocampal for- 
mation, as did stimulation of the three sites close to these nuclei. 
In addition to producing 19 field activity, stimulation of the dor- 
somedial-posterior nuclei with increasing intensity resulted in 
a corresponding increase in 0 frequency and amplitude. This 
relationship was evident over the stimulation range from 0.3 to 
1 .O mA. Figure 2 presents a graphic presentation ofthese results. 
The relationship between stimulation intensity and tl frequency 
was linear 0, = 3.8223 + 3.8045x; R* = 0.977; Fig. 2A). The 
relationship between stimulation intensity and 0 amplitude was 
also linear (JJ = 0.882 + 0.378x; R2 = 0.22; Fig. 2B). 

Efects of procaine suppression of MS/vDBB on hippocampal 
jield activity 

Infusions of 2-3 ~1 of 10% (1 &min) procaine hydrochloride 
into the MS/vDBB of 30 animals blocked electrically induced 
hippocampal 0. Using the failure of 1 .O-mA electrical stimula- 
tion of the dorsomedial-posterior hypothalamus to elicit 0 as a 
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Figure 2. Graphs showing the relationship between the intensity (mA) 
of stimulation of the dorsomedial-posterior hypothalamus and the fre- 
quency (Hz; A) and the amplitude (mV, B) of the first 1 set of elicited 
8. The data represent the means for 10 experiments, each point being 
the grand mean of three I-set samples for each animal. Vertical bars 
are the SEs. Note the linear positive relationships. 

criterion of the effectiveness of the neural blockade of the MS/ 
vDBB, a mean blockade duration of 27.14 min was found. A 
lo-111 control infusion of physiological saline (pH, 7.07) failed 
to block the effects of hypothalamic stimulation. The effects of 
the procaine hydrochloride suppression of hippocampal 0 was 
unlikely to be due to direct spread of the procaine to the hip- 
pocampal formation because in a number of experiments an 
infusion 1 mm above the MS/vDBB failed to block the stim- 
ulation effects. Figure 3A presents a graphic summary of the 
relationship between the frequency of hippocampal formation 
field activity and the various pre- and post-procaine MS/vDBB 
suppression conditions (group data for 14 experiments). 0 was 
totally abolished at the 1 -min and lo-min post-procaine times. 
Note the rapid recovery of 0 frequency between 20 and 60 min 
post-procaine suppression of the MS/vDBB, as measured in 
response to l.O-mA stimulation of the hypothalamus. By 40- 
60 min post-procaine, spontaneous 0 had also recovered with 
frequencies equivalent to pre-procaine levels. Figure 3B presents 
a graphic summary of the relationship between the amplitude 
of hippocampal formation field activity and the various pre- 
and post-procaine MS/vDBB suppression conditions (group data 
for 14 experiments). There was a gradual recovery of 8 amplitude 
between 1 and 60 min post-procaine suppression of the MS/ 
vDBB as measured in response to l.O-mA stimulation of the 
hypothalamus. Note, however, that by 60 min post-procaine, 
the amplitude of spontaneous 0 and the 0 induced by I.O-mA 
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Figure 3. Graphs showing the relationship between the frequency (Hz; 
A) and the amplitude (mV; B) of hippocampal formation field activity 
and the various pre- and post-procaine MWDBB suppression condi- 
tions. A, Each bar is the mean of 14 experiments with a sample duration 
of 8 sec. Post-procaine values for conditions of 1, 10, 20, 30, 40, 50, 
and 60 min were obtained during l.O-mA hypothalamic stimulation. 
Vertical lines are SEs. B, Each bar is the mean of 14 experiments, with 
the amplitude from each experiment taken as the mean of the amplitudes 
averaged over three 5-set samples. Post-procaine values for conditions 
of 1, 10, 20, 30, 40, 50, and 60 min were obtained during l.O-mA 
hypothalamic stimulation. Vertical lines are SEs. 

hypothalamic stimulation had not recovered to pre-procaine 
levels. 

Effects of procaine suppression of MS/vDBB on cell discharges 
&on cells 

A total of 17 phasic linear &on and two tonic non-linear &on 
cells were tested during the pre-procaine and post-procaine con- 
ditions of the MS/vDBB. All &on cells were equally affected by 
procaine suppression of the MWvDBB, regardless of their lo- 
cation in the hippocampal formation. One phasic linear &on 
cell was lost prior to the 60-min recovery condition. The data 
are summarized in Table 1. All 17 phasic linear cells had a 
positive linear slope (b = 3.54). 

Analysis of the recovery of o-on cell discharges through the 
post-procaine times of l-60 min revealed some interesting find- 
ings (Fig. 4). The first significant increase in discharge rate was 
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Figure 4. Graph showing the dis- 
charge rates of a phasic &on cell in 
response to stimulation of the dorso- 
medial-posterior hypothalamus, in the 
pre- and post-procaine MS/vDBB sup- 
pression conditions. Each bar is the 
mean of three I-set periods. Stimulus 
intensities of 0.5,0.8, and 1.0 mA pro- 
duced a linear increase in discharge rates 
in the pre-procaine condition. Stimu- 
lation of 1.0 mA was used in all the 
post-procaine conditions. The cell was 
totally silent at the I-min and IO-min 
post-procaine times. The cell discharge 
rates gradually recovered to near pre- 
procaine levels, between 30 and 60 min 
post-procaine, with rhythmicity not ap- 
pearing until 40 min post-procaine. 
Vertical lines are SDS. 
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correlated with the appearance of discernible low-amplitude 0 
(usually in response to l.O-mA stimulation of the hypothala- 
mus). The frequency of this 0 was almost equal to that of the 
1.0 mA-stimulation induced pre-procaine 0. Although a O-on 
cell’s first significant increase in discharge rate was correlated 
with this low-amplitude 0, the discharge rate was still much 
reduced compared to the equivalent pre-procaine condition. In 
addition, if the cell was a phasic &on cell, rhythmicity was not 
readily observable at this time. In other words, the recovery of 
discharge rate and pattern paralleled the recovery of 0 amplitude 
and power, rather than the recovery of 8 frequency. 

The detailed analysis of a phasic linear &on cell during pre- 
procaine, 1 min post-procaine suppression of the MS/vDBB, 
and 60 min post-procaine recovery conditions is given in Figure 
5. The upper panels in Figure 5A show 2-set samples of the 6’ 
(left) and LIA (right) field activities and the simultaneously oc- 
curring cell discharges during the pre-procaine condition. The 
short vertical lines under the field activity are the digitally con- 
verted cell discharges. The middle panels show the cross cor- 
relations between the 8 field activity and cell discharges (left) 
and the LIA field activity and cell discharges (right). The bottom 
panels in Figure 54 show the autocorrelations of the cell dis- 
charges during 8 (left) and LIA (right). Note that during 0 the 
cell discharged rhythmically just preceding the positive peak of 
each wave while the discharge pattern was nonrhythmic with 
no preferred phase during LIA. Figure 5B shows two 2-set sam- 
ples of raw data at 1 min post-procaine suppression of the MS/ 

Tlme Post Procaine (mln) 

vDBB. The upper panel is an example of the spontaneous ac- 
tivity, and the lower panel was taken during 1 .O-mA stimulation 
of the dorsomedial-posterior hypothalamus. Note the sup- 
pressed field activity and lack of cellular discharges in both 
conditions. Figure SC shows that by 60 min post-procaine the 
field activity and cellular discharge patterns have recovered to 
resemble the pre-procaine condition. 

iI-of cells 

A total of 11 O-off cells were recorded. All O-off cells were equally 
affected by procaine suppression of the MWvDBB, regardless 
of their location in the hippocampal formation. Of these, five 
were classified as phasic linear B-off cells. All five were recorded 
in the pre-procaine condition, three of five were recorded at 1 
min post-procaine suppression of the MS/vDBB, and two of 
five survived to the post-procaine recovery time. Six cells were 
classified as tonic nonlinear O-off cells. All six were recorded in 
the pre-procaine condition, five of six were recorded at 1 min 
post-procaine suppression of the MS/vDBB, and two of six 
survived to be recorded at the 60 min post-procaine recovery 
time. The data are summarized in Table 2. All five phasic linear 
cells had a linear negative slope (b = - 1.41). 

The detailed analysis of a phasic linear O-off cell during pre- 
procaine, 1 min post-procaine suppression of the MS/vDBB, 
and 16-min post-procaine recovery conditions is given in Figure 
6. The upper panels in Figure 6A show 2-set samples of the 0 
(left) and LIA (right) field activities and the simultaneously oc- 

Table 1. Summary of the effects of microinfusions of procaine HCI in the MS/vDBB on the discharge 
rates of hippocampal B-on cells 

Post-procaine 

&on cell Pre-procaine 
1 min 60 min 
(0 abolished) (19 recovering) 

Phasic linear (n = 17) 
8 11.89 L 3.3 0.36 k 0.45 10.13 + 3.35 
LIA 4.67 k 2.79 4.19 f 2.63 

Tonic nonlinear (n = 2) 
e 8.99 + 2.27 0.52 k 0.85 4.88 k 1.81 
LIA 4.21 2 2.6 3.10 + 1.41 

Data are presented as mean discharge rate (in spikedsec) + SE. 
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Figure 5. Detailed analysis of a phasic linear 0-011 cell during pre-procaine, 1 min post-procaine suppression of the MS/vDBB, and 60 min post- 
procaine recovery conditions. The upper panels in A show 2-set samples of spontaneous 0 and LIA field activities and the simultaneously occurring 
cell discharges (short vertical lines) during the pre-procaine condition. The middle panels show the cross correlations between the 0 field activity 
and cell discharges (left) and the LIA field activity and cell discharges (right). The bottom panels show the corresponding auto correlations of the 
cell discharges during 0 (left) and LIA (right). B shows examples of 2-set samples of raw data at 1 min post-procaine suppression of the MS/vDBB. 
The upper panel shows the spontaneous activity, and the lower panel was made during 1 .O-mA stimulation of the dorsomedial-posterior hypo- 
thalamus. C is the equivalent of A, taken during the 60-min post-procaine recovery condition. 

curring cell discharges, during the pre-procaine condition. The 
middle panels show the cross correlations between the 0 field 
activity and cell discharges (left) and the LIA field activity and 
cell discharges (right). The bottom panels of Figure 6A show the 
autocorrelations of the cell discharges during 0 (left) and LIA 
(right). Note that during lower-frequency 0 the cell discharged 
rhythmically, midway between the positive and negative peaks 
of each 8 wave. At higher 8 frequencies, this and all the other 
phasic linear &off cells were totally silent. The discharge pattern 
was nonrhythmic, with no preferred phase during LIA. Figure 
6B shows two 2-set samples of raw data at 1 min post-procaine 
suppression of the MS/vDBB. The upper panel is an example 
of the spontaneous activity, and the lower panel was taken dur- 
ing 1 -mA stimulation of the dorsomedial-posterior hypothal- 
amus. Note that, in contrast to the &on cells, the B-off cell 
continued to discharge. Also note that the inhibition of dis- 
charges that normally occurred during 0 in the pre-procaine 
condition fails to occur with the MS/vDBB suppressed. Figure 
6C shows that by 16 min post-procaine the field activity and 

cellular discharge patterns have recovered to resemble the pre- 
procaine condition. 

Figure 7 provides a diagrammatic summary of the effects of 
MS/vDBB suppression on hippocampal field activity and &on 
and &off cell discharges. When the MS/vDBB was intact, phasic 
O-on cells in the hippocampal formation discharged in an ar- 
rhythmic manner with lower discharge rates during LIA, com- 
pared to the rhythmic discharge pattern and higher discharge 
rates associated with 8. Tonic B-on cells had similar rates of 
discharge in relation to LIA and 6, but discharged in either a 
regular or an irregular nonrhythmic pattern. Procaine suppres- 
sion of the MS/vDBB resulted in suppressed field activity, even 
when 1 .O-mA hypothalamic stimulation was applied. The dis- 
charges of &on cells were correspondingly suppressed. By 60 
min post-procaine, both the field activity and the &on cell dis- 
charge patterns and rates returned to pre-procaine characteris- 
tics. B-off cells proved to have opposite discharge relations, dur- 
ing both the pre-procaine condition and the post-procaine 
suppression of the MS/vDBB. With the septum intact, phasic 

Table 2. Summary of the effects of microinfusions of procaine HCl in the MS/vDBB on the discharge 
rates of hippocampal O-off cells 

Post-procaine 

O-off cell Pre-procaine 
1 min 60 min 
(0 abolished) (0 recovering) 

Phasic linear (n = 5) 
e 2.09 t 2.16 6.04 k 2.50 1.80 + 2.49 
LIA 5.94 + 2.20 5.65 + 1.39 

Tonic nonlinear (n = 6) 
8 0.0 t 0.0 1.53 k 1.23 0.0 + 0.0 
LIA 6.80 k 1.54 9.08 t 5.50 

Data are presented as mean discharge rate (in spikebec) * SE. 
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PHASIC THETA-OFF CELL 

A PRE-PROCAINE B 1 MIN POST-PROCAINE c 16 MIN POST-PROCAINE 
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Figure 6. Detailed analysis of a phasic linear &off cell during pre-procaine, 1 min post-procaine suppression of the MS/vDBB, and 16 min post- 
procaine recovery conditions. The upper panels in A show 2-set samples of spontaneous 0 and LIA field activities and the simultaneously occurring 
cell discharges (short vertical lines) during the pre-procaine condition. The middle panels show the cross correlations between the f? field activity 
and cell discharges (left) and the LIA field activity and cell discharges (right). The bottom panels show the corresponding auto correlations of the 
cell discharges during 0 (left) and LIA (right). B shows examples of 2 set of raw data at 1 min post-procaine suppression of the MS/vDBB. The 
upper panel shows the spontaneous activity, and the lower panel was made during 1 .O-mA stimulation of the dorsomedial-posterior hypothalamus. 
C is the equivalent of A, taken during the 60-min post-procaine recovery condition. 

&off cells discharged in an irregular manner and at higher rates 
during LIA, compared to those associated with 8. At higher 6’ 
frequencies, phasic B-off cell discharges ceased completely, as 
indicated during hypothalamic stimulation. In contrast to O-on 
cells, &off cells continued to discharge during the procaine sup- 
pression of the MWDBB, and l.O-mA hypothalamic stimu- 
lation (or tail pinches) was no longer effective in suppressing 
the discharges. By 16 min post-procaine, the pre-procaine char- 
acteristics of the field activity and e-off cell discharge patterns 
and rates had returned. 

Discussion 
The present study confirmed and extended previous observa- 
tions that electrical stimulation of the dorsomedial-posterior 
hypothalamic region exerted a potent synchronizing influence 

MS/vDBB INTACT 

B-OFF 

Figure 7. Diagrammatic summary of 
CELL ##tt 

the effects ofMS/vDBB suppression on 
hippocampal field activity and &on and I , 

on the field activity recorded from the hippocampal formation 
(cf. Bland, 1986). An obvious conclusion of the present study 
was that the synchronizing influence brought about through ac- 
tivation of the dorsomedial-posterior hypothalamus was me- 
diated by the MS/vDBB, either synaptically or through axons 
of passage. The data also support the notion that LIA was a 
result of an active input mediated by the MWvDBB, because 
the power of the suppressed field activity was below that of 
spontaneous LIA (see Leung et al., 1982). 

All three of the dependent measures of hippocampal field 
activity (frequency, amplitude, and power) showed a progressive 
recovery during the 60-min post-procaine period. There was, 
however, a marked difference in the time course of recovery 
between these three measures. 0 was recorded at 20 min post- 
procaine (in response to 1 .O-mA hypothalamic stimulation) with 

PROCAINE HCL 
SUPPRESSION OF MS/vDBB MS/vDBB RECOVERED 

Hypoth. Stim. __ Hypoth. Stik B-off cell discharges. Hypoth. Stim. 
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a frequency that was nearly equal to that of its equivalent pre- 
procaine condition. Frequency therefore exhibited a rapid re- 
covery with a shallow slope between 20 and 60 min post-pro- 
caine. In contrast, the amplitude and power of 8 exhibited a 
gradual recovery with a steeper slope, between 20 and 60 min 
post-procaine. In addition, there was a rank order of recovery 
in terms of 0 production: hypothalamically induced 0 produced 
by l.O-mA stimulation recovered first, followed by that pro- 
duced by 0.8mA and OS-mA stimulation, and finally by spon- 
taneous 0. 

During the time of maximal procaine suppression of the MS/ 
vDBB, &on cell discharges were reduced to 0 in most cases. 
Analyzing the recovery of e-on cell discharges, in terms of both 
rate and pattern, yielded some interesting data related to the 
above discussion on field activity. The initial recovery of B-on 
cell discharges in the post-procaine conditions was correlated 
with the first appearance of 8. Typically, this occurred at 20 min 
post-procaine in response to l.O-mA stimulation of the hypo- 
thalamus. At this time, the discharge rate was still greatly re- 
duced compared to pre-procaine levels. In addition, if the cell 
was a phasic &on cell, very little evidence of rhythmicity was 
evident. As discussed above, the 0 at this time was of low am- 
plitude and power, but almost at the same pre-procaine fre- 
quency. Thus, the gradual recovery ofdischarge rate (and pattern 
of phasic cells) paralleled the recovery of 0 amplitude and power, 
not the recovery of 0 frequency. 

Taken together, the above data permit some suggestions con- 
cerning the nature of the control of hippocampal 0 field and 
cellular activity by the ascending hypothalamo-septal pathway. 
That is, it may require fewer MWvDBB cells to translate as- 
cending hypothalamic inputs into specific levels of output for 
driving the frequency of hippocampal6’ field activity, compared 
to the number of MS/vDBB cells required to produce a maximal 
amplitude of hippocampal 19 field activity. Phasic linear hip- 
pocampal8-on cells code the level of excitation of the ascending 
hypothalamo-septal pathway by increasing their discharge rates 
as the frequency ofhippocampal0 increases (Colom et al., 1987). 
As discussed above, 8 frequency recovers first after procaine 
suppression of the MS/vDBB, before &on cells recover their 
discharge rates and patterns. This suggests that the MS/vDBB 
controls the amplitude of hippocampal 0 field activity by re- 
cruiting more cells in the MS/vDBB, and in turn, the larger the 
amplitude of hippocampal 0 field activity (i.e., synaptic activity), 
the greater the probability that phasic hippocampal &on cells 
will increase their discharge rates. 

In contrast to the dramatic reduction of O-on cells during the 
maximal period of procaine suppression of the MWDBB, &off 
cells continued to discharge at rates that were not significantly 
different from the pre-procaine levels accompanying LIA. The 
inhibition of &off cells normally produced by hypothalamic 
stimulation was also abolished during the time of maximal sup- 
pression of the MS/vDBB. 

The results of the present study are in general agreement with 
those reported recently by Mizumori and colleagues, using freely 
moving rats. Mizumori et al. (1989a) showed that the microin- 
jection of lidocaine in the MS nucleus greatly reduced the spon- 
taneous firing rates of CA1 &on cells. In a second study, Mi- 
zumori et al. (1989b) showed that microinjection of tetracaine 
in the septum abolished 8 field activity and reduced the discharge 
rates of stratum granulosum and CA1 B-on cells by approxi- 
mately 50%. These reductions were not as pronounced as ob- 
served in the present study. The difference may be due to the 

fact that the present study was carried out using urethane-anes- 
thetized rats (where type 2 8 predominates) compared to their 
work using freely moving rats (where both type 1 and type 2 0 
occur). Finally, Mizumori et al. (1990) showed that the mi- 
croinjection of tetracaine in the MS resulted in the continual 
discharge of two B-off cells, irrespective of behavior, with a 
pronounced 18-20-Hz rhythmic modulation. Interestingly, one 
phasic B-off cell in the present study also showed a pronounced 
rhythmicity during suppression of the MWDBB. 

In summary, the present study demonstrated that the MS/ 
vDBB nuclei play a major role in the control of spontaneous 
and hypothalamically elicited hippocampal formation field ac- 
tivity and &on and &off cell discharges. The findings suggest 
that it took fewer MS/vDBB cells to control the frequency of 
hippocampal 0 field activity, compared to the control of its 
amplitude. By extrapolation, the recruitment of MS/vDBB cells 
controls the increasing discharge rates (and pattern) of phasic 
hippocampal &on cells. Furthermore, the hypothesis that the 
control of &on cell discharges is mediated by excitatory cholin- 
ergic projections and the control of &off cell discharges is me- 
diated by inhibitory GABA-ergic projections is supported by 
the results. 
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