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GRAHAM-JONES, S., L. HOLT, J. A. GRAY AND M. FILLENZ. Low-frequency septal stimulation increases 
tyrosine hvdroxvlase activity in the hippocampu~s. PHARMACOL BIOCHEM BEHAV 23(4) 489-493. 1985.--Rats 
were chronically implanted with recording electrodes in the dorsomedial subiculum and stimulating electrodes in the 
septal area. Low-frequency septal stimulation (regular inter-pulse interval = 130 msec) was used over a period of 10 
days to drive the hippocampal theta rhythm at 7.7 Hz (a r6gime shown previously to proactively facilitate acquisition 
of barpressing and retard its extinction), and high frequency (77 Hz) stimulation was used to block theta rhythm (a 
r6gime shown previously to proactively retard acquisition of barpressing and facilitate its extinction). The activity of 
soluble tyrosine hydroxylase from hippocampus increased in animals killed 15-33 days after the end of the period of 
7.7 Hz septal stimulation but not after high-frequency stimulation. Irregular low-frequency stimulation with a mean 
inter-pulse of 130 msec produced the same effect on tyrosine hydroxylase activity as regular 7.7 Hz theta-driving. 
The possible relations between the effects of low-frequency septal stimulation on hippocampal tyrosine hydroxylase 
and on behavior are discussed. 
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UNDER appropriate conditions repeated exposure over a 
period of days to stressors (e.g., footshock, or a swim in 
cold water) gives rise to increased behavioral tolerance to 
both the pre-exposed and other stressors [8, 12, 23, 25]. 
This increased behavioral tolerance is sometimes accom- 
panied by evidence of increased activity in the brain of the 
rate-limiting enzyme in catecholamine synthesis, tyrosine 
hydroxylase (TH) [24,25], and may even be a consequence 
of this neurochemical  change. 

Recently we have shown that increased behavioral tol- 
erance to stressors may also be produced by low-frequency 
stimulation of the septal area [13] where the pacemaker 
cells for the hippocampal theta rhythm are located [ 19,20]. 
Septal st imulation for a period of 10 days (90 sec total 
st imulation per day) at a frequency of 7.7 Hz, driving hip- 
pocampal theta at the same frequency, proactively increased 
the resistance to extinction of a response acquired for food 
reward after the period of st imulation was over [13], an 
effect that can also be proactively produced by repeated 
footshock I8] and which can be regarded as one manifestation 
of increased tolerance for stress [ 12]. These behavioral ef- 
fects of septal st imulation were present 3 - 4  weeks after 
the termination of the period of stimulation. The design of 
these behavioral experiments [ 13,14] precluded investigation 

of extinction earlier than about 3 weeks after the termination 
of stimulation, so the time to onset of the increased resistance 
to extinction is unknown.  However, the time at which this 
effect was in fact observed is of the same order of magnitude 
as the time it takes for increased TH levels to appear in the 
hippocampus after the enzyme is induced in the locus coe- 
ruleus (the nucleus of origin of the noradrenergic innervation 
of the hippocampal formation) by reserpine [26]. In the 
present experiments,  therefore, we measured TH activity 
in the hippocampus after rats were exposed to the same 
combinat ion of septal stimulation and behavioral testing 
that has been shown to give rise to increased resistance to 
extinction [13]. 

Besides 7.7 Hz theta-driving stimulation (square-wave 
pulses at regular intervals of 130 msec), two other types of 
stimulation were delivered (in different animals) to the septal 
area. First, a high-frequency pulse train (77 Hz) was used 
to block the hippocampal theta rhythm [2]. This type of 
st imulation has been shown to have the opposite effect on 
behavior to that of 7.7 Hz theta-driving: whereas theta- 
driving proactively facilitated acquisition of a food-rewarded 
barpressing response and increased its resistance to extinction 
[13], theta-blocking proactively retarded acquisition and 
facilitated extinction of this response [14]. Second, in order 
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to determine  whether  the effects of 7.7 Hz theta-driving 
depended on the average density of pulses delivered or 
upon their regularity (necessary to elicit hippocampal theta), 
some rats were given an irregular pulse train with an average 
frequency of  7.7 Hz. 

TH act ivi ty  was measured in synaptosomes and after 
solubilisation. The synaptosomal assay measures the activity 
of the enzyme in its phys io log ica l  environment ,  i . e . ,  the 
nerve terminal ;  the assay of  soluble TH under saturating 
condi t ions for substrate and cofactor  is a test of  changes in 
the enzyme itself .  

M E T H O D  

The exper iments  had five phases:  surgery,  s t imulat ion,  
acquisi t ion of  the barpress ing response,  ext inct ion of the 
barpress ing response,  and ki l l ing plus TH assay in the hip- 
pocampus.  Al l  methods other than b iochemical  have been 
fully described, as have the behavioral results [13,14]; these 
aspects of  the experiments will therefore only be summarised 
here. 

General 

Subjects  were male Sprague-Dawley  rats 9 0 - 1 2 0  days 
old at surgery, caged singly, maintained on food deprivation 
(10 g/day) ,  and implanted  with a chronic b ipolar  recording 
e lect rode in the dorsomedia l  subiculum (stereotaxic coor-  
dinates:  6 mm poster ior  to bregma;  2 mm left; 5 mm deep 
from surface of  skull; skull fiat between bregma and lambda) 
and two stimulation electrodes bilaterally in the lateral septal 
area (coordinates:  0.5 mm anterior;  0.7 mm lateral;  5.5 mm 
deep)  [15]. Squa re -wave ,  cons tan t -cur ren t  s t imula t ion  
( p u l s e - w i d t h = 0 . 5  msec) was del ivered across the tips of 
the two septal  e lec t rodes  [14]. Three s t imulat ion schedules 
were used [ 13,14] as fol lows.  Theta-driving consis ted of 6- 
sec trains of  pulses at 7.7 Hz (regular  inter-pulse inter- 
val = 130 msec) occurr ing on a random time (RT) schedule 
with an average probabi l i ty  of  1 train/30 sec. Current in- 
tensity was set at 20% above each an ima l ' s  threshold for 
driving the hippocampal theta rhythm. Irregular stimulation 
was identical to theta-driving except that, within each train, 
pulses occurred at random inter-pulse intervals with a mean 
of  130 msec and a min imum interval  of  20 msec. Current 
intensi ty was set at 20% above each an imals ' s  threshold 
for the reliable occurrence of evoked hippocampal potentials. 
Theta-blocking consis ted of  2-sec trains of  pulses at 77 Hz 
(regular  in ter-pulse  interval  = 13 msec) at a fixed interval 
of  20 sec between trains.  These changes in train duration 
and scheduling were necessary to avoid seizures in the theta- 
b locking condi t ion.  Current intensi ty was set at 20% above 
each an ima l ' s  threshold for blocking the h ippocampal  theta 
rhythm, i . e . ,  replac ing theta with desynchronised,  low- 
vol tage,  fast activity.  Controls  were treated ident ical ly  to 
stimulated animals in every respect except that no stimulation 
was del ivered.  Average total s t imulat ion time was kept 
constant at 90 sec/session by varying session length between 
schedules (about 8.5 min for theta-dr iving and irregular  
s t imulat ion,  about 16.5 min for theta-blocking) .  

I m m e d i a t e l y  a f te r  the s t i m u l a t i o n  phase  b e h a v i o r a l  
t raining commenced  [13,14].  All  rats acquired a discrete 
trial fixed-ratio 5 barpress response in a Skinner box equipped 
with a single retractable lever and a pellet dispenser. Reward 
consis ted of  a single 45-mg pellet .  There were 4 t r ia ls /day 
at a 1-min inter- tr ial  interval  during which the lever was 
retracted.  The duration of  acquis i t ion varied between ex- 

per iments  from 15 to 21 consecut ive days.  Extinct ion fol- 
lowed immedia te ly  after the end of  acquisi t ion and lasted 
12 consecut ive days.  The only difference from acquisi t ion 
was that food pellets  were no longer del ivered.  

The animals were ki l led the day after ext inct ion testing 
ended by stunning and immedia te  decapi tat ion.  The brains 
were removed within 2 min and the hippocampus dissected 
out on ice [4]. 

Biochemical 

Hippocampi  were homogenised  in 0.32 M sucrose and 
a crude synaptosomal  fraction (P2 pellet)  prepared by two 
successive centr i fugat ions  at 1 0 0 0 x g  for 10 min and 
15000 x g for 20 min. 

Synaptosomal TH assay. The P2 pellet  was resuspended 
in incubat ion medium,  pH 7.4, containing NaC1 125 mM, 
KC1 5 mM, CaCI 1 mM, MgCI 1 mM, Tris 'HC1 50 mM, 
glucose 10 mM and ascorbate I raM. 3H-3,5,tyrosine 
(Amersham Radiochemicals )  was added to a final concen- 
tration of 20 IxM, which was saturating. Synaptosomes were 
incubated at 37°C for 20 min; the react ion was stopped by 
cooling to 0°C and adding 5% tr ichloracet ic  acid. 3H20 was 
eluted on a double Dowex 50/Dowex 1 column as descr ibed 
previously  [ 18]. 

Soluble TH assay. Synaptosomes  were disrupted by 
mixing resuspended P2 pellets with an equal volume of NaPO 
buffer 5 mM, pH 7.2, containing 0.4% Triton X100. Aliquots 
were incubated with catalase ,  te t rahydrobiopter in  1.27 mM 
and aH-tyrosine 10/xM. Samples were incubated at 37 ° for 
10 min and ~H20 measured as descr ibed previously.  The 
rate of tyrosine hydroxyla t ion  was expressed as fmol 3H20/ 
min/mg protein.  

Experiments 

The data reported were gathered in four separate exper-  
iments, indicated here by the letters A-D.  Experiments A 
and B are Experiments  I and II, respect ively ,  in Holt and 
G r a y ' s  [13] report;  Exper iment  D is reported by Holt and 
Gray [14]; and Exper iment  C, in which there was no be- 
havioral  t raining,  is reported only here. 

ExperimentA. There were 3 groups of  8 rats each: Food 
Control, Correlated Theta-driving, and Uncorrelated Theta- 
driving.  During the s t imulat ion phase all rats received,  be- 
sides any programmed st imulat ion,  response- independent  
del ivery  of single 45-mg food pellets on a RT-30 sec sched- 
ule. The two st imulated groups received the theta-driving 
stimulation described above. In the Correlated Theta-driving 
group food-pel le ts  were always del ivered during the last 
second of  the 6-sec pulse- t ra ins ,  s t imulat ion and food being 
del ivered by the same RT-30 schedule.  In the Uncorrelated 
Theta-dr iv ing group food del ivery and septal s t imulat ion 
were randomly related to each other. There were 15 days 
of barpress acquisi t ion and 12 days of  ext inct ion between 
the end of  s t imulat ion and the day of  ki l l ing.  

Experiment B. There were 4 groups of  6 rats each: Un- 
correlated Theta-dr iv ing and Food Control  groups were 
treated as in Experiment A; the Theta-driving group received 
the theta-dr iving s t imulat ion as descr ibed above,  but no 
food del ivery;  and the Control  group received neither stim- 
ulation nor food delivery during the stimulation phase. There 
were 18 days of barpress acquisi t ion and 12 of ext inct ion 
between s t imulat ion and kil l ing.  

Experiment C. There were 3 groups of 8 rats each: Theta- 
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FIG. I. Examples of hippocampal electrical activity elicited by 
theta-driving (A), theta-blocking (B) and irregular (C) septal stim- 
ulation. (For details of stimulation parameters, see the Method 
section.) The bottom trace in each panel shows time (in seconds) 
and periods of stimulation (solid black). 

TABLE 1 

SEPTAL STIMULATION AND HIPPOCAMPAL TH 

Mean 
Stimulating 

Exper- Current Soluble 
iment Group N (/xA ± SEM) TH* 

A Food Control 6 - -  1230 ± 104 
Correlated 6 84.9 _+ 2.5 1156 ± 173 

Theta-driving 
Uncorrelated 6 79.9 ± 2.0 1866 ± 184 

Theta-driving 

B Control 6 - -  1324 + 172 
Food Control 6 - -  1329 + 119 
Uncorrelated 6 58.8 ± 1.9 1646 ± 205 

Theta-driving 
Theta-driving 6 65.5 ± 1.9 1554 ± 173 

C Control 7 - -  974 ± 234 
Theta-driving 7 114.6 + 3.9 1305 ± 221 
Irregular Stimulation 6 114.3 + 4.5 1331 ÷ 197 

D Control 8 - -  426 + 27 
Blocking 8 65.0 ± 2.3 413 ± 91 

*Percentage of control (Experiments B, C) or food control (Exper- 
iment A) mean (fmol/min/mg P._, protein) ± the standard error of that 
mean. 

driving,  Irregular Stimulation and Control ,  each receiving 
the treatment during the st imulation phase described above. 
No food was del ivered during the stimulation phase and 
there was no behavioral  training of  any kind. Animals re- 
mained undisturbed in their home cages for 15 days after 
the end of  the st imulation phase and were then killed. 

Experiment D. There were 2 groups of 8 rats each: Theta- 
blocking (given the stimulation r6gime described above) 
and Control.  No food was del ivered during the stimulation 
phase. There were 21 days of acquisition and 12 of extinction 
between stimulation and killing. 

In Experiments  A, B and C, animals were allocated to 
the different stimulation conditions (other than control) after 
being matched for the threshold current (regular 7.7 Hz 
pulses) able to drive hippocampal  theta. The group sizes 
given are for the start of each experiment.  Data were lost 
for some animals at various stages of  the experiments.  Final 
group sizes are given in Table 1, together with the mean 
stimulating current intensities used in each group. 

RESULTS 

Figure 1 shows examples of the activity elicited in the 
hippocampal formation by theta-driving, theta-blocking and 
irregular st imulation of  the septal area. 

There were no effects of  septal stimulation in any ex- 
periment on synaptosomal TH activity. The values for syn- 
aptosomal tyrosine hydroxylat ion rate in Experiment  A in 
fmol 3H20/min/mg synaptosomal protein were: control 

207 - 29, uncorrelated 223 -+ 36 and correlated 229 --- 34, 
n = 6 for each group. 

Table 1 shows the results of  the soluble TH assay. Anal- 
ysis of  variance demonstrated in Experiment  A a difference 
between groups, F(2,15) = 6.13, p < 0 . 0 2 5 .  Subsequent t- 
tests showed that this was due to a significant increase in 
TH activity in the Uncorrelated Theta-driving group relative 
to both the Food Controls,  t ( 1 5 ) = 2 . 8 5 ,  p < 0 . 0 2 ,  and the 
Correlated Theta-driving group, t(15) = 3.18, p < 0.02; the 
latter two groups did not differ. The reliabili ty of  the effect 
of theta-driving in the Uncorrelated condit ion was dem- 
onstrated by a combined analysis of  variance of the Un- 
correlated Theta-driving and Food Control groups from Ex- 
p e r i m e n t s  A and B. Th is  r e v e a l e d  a ma in  e f f e c t  of  
Stimulation,  F ( 1 , 2 0 ) = 9 . 0 8 ,  p < 0 . 0 1 ,  with no effect of 
Replicat ion and no interaction between these two factors. 
The del ivery of  food in Experiment  B had no effect on TH 
activity: the means for the Control and Food Control groups 
were virtually identical,  as were those for Uncorrelated 
Theta-driving and simple Theta-driving groups (Table 1). 
In Experiment C, the mean levels of TH activity were higher 
in both the Theta-driving and the Irregular Stimulation groups 
(which did not differ from each other) than among Controls 
(Table 1). A comparison between the combined stimulated 
groups and the Controls yielded F(1,18) = 3.87, which falls 
short of the 5% significance level ( p = 0 . 0 5  at F = 4 . 4 1 ) .  
However ,  a combined analysis of Experiments A - C  again 
confirmed the reliabil i ty of the effect of  low-frequency 
stimulation on hippocampal TH: there was a main effect of 
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St imulat ion,  F ( 1 , 4 3 ) = 8 . 4 4 ,  p < 0 . 0 1 ,  and no interaction ~ 
between St imulat ion and Repl ica t ions .  

In contrast  to this effect of  low-frequency septal stim- 
ulat ion,  the ta-blocking had no effect on TH act ivi ty in Ex- 
per iment  D ( F <  1). 

DISCUSSION 

Our results  demonstra te  a re l iable  increase in soluble,  
but not synaptosomal ,  TH act ivi ty  in the h ippocampus 15-  
30 days after low-frequency s t imulat ion of  the septal  area. 
This effect appears  not to depend on driving of  the hippo- 
campal  theta rhythm,  since levels  of TH act ivi ty were sim- 
ilarly increased in the Theta-driving and Irregular Stimulation 
groups of  Exper iment  C. It does depend on the use of low- 
frequency stimulation, however, since high-frequency theta- 
blocking stimulation failed to alter TH activity in Experiment 
D. Al though the t ime which elapsed between st imulat ion 
and ki l l ing was longer  in Exper iment  D than in the other 
exper iments ,  the difference (33 days as compared  to 30 
days in Exper iment  B) is p robably  too small  to account for 
the lack of  effect of  h igh-f requency septal s t imulat ion on 
h ippocampal  TH. Thus,  even if  the increase in TH act ivi ty 
does not require the occurrence of regular  trains of theta 
waves (Figure 1A), it may depend on the same low-frequency 
mechanisms as those which control  theta. 

The increase in h ippocampal  TH act ivi ty caused by low- 
frequency septal s t imulat ion may depend upon quite subtle 
behavioral  factors.  In Exper iment  B this increase was un- 
affected by unsignal led food del ivery ,  yet in Exper iment  A 
it occurred in the Uncorre la ted  but not in the Correlated 
Theta-dr iv ing group. These two groups correspond,  re- 
spec t ive ly ,  to the ' t ru ly  random control '  procedure  [21 ] and 
a Pavlovian  condi t ioning procedure  (in which septal stim- 
ulation consti tutes the condi t ioned st imulus and food de- 
l ivery,  the uncondi t ioned st imulus) .  A difference between 
the behaviora l  effects of  these two procedures  is used to. 
isolate changes which are due to the specific temporal  re- 
la t ionship between condi t ioned and uncondi t ioned stimuli 
in Pavlovian  condi t ioning.  Thus our results show that the 
effect of  septal  s t imulat ion on h ippocampal  TH act ivi ty 
may be nullified if  septal  s t imulat ion is made a condi t ioned 
st imulus for the de l ivery  of  food. In other unpubl ished ex- 
periments, moreover,  we have consistently failed to observe 
any change in hippocampal TH activity when the behavioral 
t raining intervening between septal  s t imulat ion and ki l l ing 
involves footshock,  al though in other respects  the experi-  
mental  design was s imilar  to that used here [9]. Such de- 
pendence of changes in brain ca techolamine systems upon 
behavioral  factors is not without precedent .  For example ,  
inescapable  but not escapable  footshock causes a short- 
term fall  in brain noradrenal ine  levels and a long-term in- 
crease in TH act ivi ty  [24,25].  

There is a rough correlation between the behavioral effects 
of  low-frequency septal s t imulat ion and the neurochemical  
changes repor ted here. The uncorrela ted Theta-dr iv ing and 
simple Theta-dr iv ing groups of  Exper iments  A and B dis- 
p layed faci l i ta ted acquisi t ion and increased resistance to 
ext inct ion of  the barpress ing response relat ive to unstim- 
ulated controls  [13], while the Theta-blocking group of 
Exper iment  D [14] showed the reverse e f f e c t s - - r e t a r d e d  
acquisi t ion and decreased resistance to ext inct ion (the be- 
havioral  effects of  the I r regular  St imulat ion r6gime have 
not been studied yet in this task). Thus increased TH activity 
is general ly  accompanied  by increased behavioral  output.  

This is consistent with the analogy we drew (see Introduction) 
between theta-driving stimulation and stress, since repeated 
exposure to stressors can give rise to behavioral  and neu- 
rochemical  changes [8, 23, 24] s imilar  to those observed 
in our exper iments .  However ,  the Correlated Theta-dr iving 
condi t ion also retarded ext inct ion of  barpressing [13], yet 
it fai led to alter TH act ivi ty  (Experiment  A). It is possible,  
therefore,  that low-frequency septal s t imulat ion can affect 
barpress ing behavior  in two ways: one associat ive (the Cor- 
related Theta-dr iv ing condi t ion)  and not dependent  upon 
changes in h ippocampal  TH, the other non-associa t ive  (the 
Uncorrelated and simple Theta-driving conditions) and de- 
pendent  upon, or at least  accompanied  by,  changes in hip- 
pocampal  TH (for a discussion of the difference between 
associat ive  and non-associa t ive  mechanisms in behavioral  
tolerance for stress,  see [11,12]).  

The exact  nature of  the changes in TH is not clear.  The 
assay was carried out at the phys io logica l  pH of  7.2 in the 
presence of  saturat ing cofactor  and substrate concentrat ion 
and the increase in act ivi ty therefore represents an increase 
in Vmax; increases in Vma x at this pH may be due either to 
enzyme induction or covalent  modif icat ions of the enzyme 
[ 1 ]. We have shown previously that synaptosomal and soluble 
TH act ivi ty  do not necessar i ly  show paral le l  changes.  Thus 
reserpine, which causes enzyme induction [16], results in 
an increase in the Vmax of the soluble enzyme but no increase 
in synaptosomal  TH act ivi ty  [5]. Converse ly ,  repeated han- 
dl ing leads to a de layed,  long-las t ing increase in synapto- 
somal TH act ivi ty ,  but no change in Vmax of  soluble TH 
[10]. Normal ly  less than 10% of  the potential  act ivi ty of 
the enzyme is expressed;  the regulatory factors which limit 
the express ion of  the enzyme are not fully understood.  The 
increase in the Vmax may lead to an increased potential  for 
tyrosine hydroxylation, which may require further regulatory 
mechanisms to be expressed [6]. 

The locus at which septal stimulation affects hippocampal 
TH act ivi ty is also unclear.  The in t ra-hippocampal  norad- 
renergic terminals  belong to cell bodies which lie in the 
locus coeruleus and also innervate the septal nuclei [17]. 
However ,  ant idromic s t imulat ion does not lead to enzyme 
induction [7]. The septum sends chol inergic  fibres to the 
h ippocampus ,  and the noradrenergic  terminals  in the hip- 
pocampus have presynapt ic  muscarinic  receptors  [3]. Ac- 
tivation of these receptors depresses both basal and K ~- 
s t imulated noradrenal ine synthesis  in h ippocampal  synap- 
tosomes.  Changes in the densi ty of  muscarinic  receptors 
occur as a result  of  stress or the chronic adminis trat ion of 
drugs [22]. Repeated electrical stimulation of the cholinergic 
septo-h ippocampal  pathway could lead to a decrease in the 
number of muscarinic receptors on noradrenergic terminals. 
This would lead to the removal  of a tonic inhibit ion of 
synthesis  and would appear  as act ivat ion of  the soluble 
enzyme,  when compared  with enzyme from control rats. 
An axo-axonal  interact ion between chol inergic  septo-hip-  
pocampal  fibres and the noradrenergic  terminals  could 
therefore underl ie  the change found in the enzyme isolated 
from the rats subjected to theta driving.  
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