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Abstnct 

The location and extension of a convulsivc area in thc brain stcm in cats was dctcnnined througb penic::illin 
microinjections (0.5-1.0 µI) oí a conccntratcd sodiwn penicillin solution (SOO IU/µI), stercotactically orientcd to 
muJtiple strucnms. in fully awake animals. partially restrained througb a rod fixation system that avoided pain, 
allowed the obscrvation of clinical seizures and simuJtancous recording of EEG, EMG and muJtiple unit aetivity 
(MUA) from the injectcd site and the motor cortex (Cx). Clinical and EEG seizurc pattems in relation to thc injected 
sues and penicillin dos~, werc studied in another group of animals using doses from 12.5 IU/0.lµJ to 125 IU/1.0 µl. 
The time relationship b- ~ccn muscuJar clonus, EEG spik:es and MUA at the injected site and Cx wcre analyzed. Toe 
only arca in whlcb pcnicillin induced seizures was the mc-:;.:nccpbalic tegmentwn (MT). The amount of penicillin but 
not the setereotactic coordin;, tes detcrmined the seizure type. MT EEG and MUA paroxysrns anticipated clinical 
se1nire and Cx EEG spikes. Wncn Cx EEG appeared, they were accompanied by an increasc in MUA beginning in 
the Cx and EMG. followed by si[tllificant increase in MT MUA. The scquence of events suggest that MT seizure 
activity propagates via altemative pathways not involving direct reticulospinaJ or pyramidal tract pathways. 0 1999 
Elsevier Scicnce B.V. All rights reserved. 

Áevwords: Brain stem: EEG: Multiplc unit recording: Pcnicíllin; Reticular fonnation: Seizure pattern 

1 • lnttoduction 

Experimental data has provided evidcnce of the 
oanicipation of thc brain stem in the gcncsis and 
:,ror:,agation of convulsive activity (for review. see 
i--romm et al., 1987: Gale and Brownmg. 1988: 
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Velasco and Velasco, 1990). 
From those observations a number of contw

vcnics have been raised in regard to: { 1) the 
anatomical structures involved in the genesis of 
scizures: (2) the clinical type of seizures induced in 
the brain stem; and (3} the possiblc mechamsms 
by which epilepuc activity ·ongmated' in thc bra1r. 
stcm propagates to the forebrain. spmal cord an-: 
muscie~ 
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Seizures induced by penicillin microinjections in the 
mesencephalic tegmentum 
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Rea:1ved 30 March 1999; rea:1ved in reviscd fonn 14 June 1999: aci::epted 18 June 1999 

Abstrac:t 

The location and extension of a convulsive area in the brain stem in cats was detennined through penicillin 
Illlcroinjections (0.5-1.0 µ)) of a conc:entrated sodium peniciUin solution (500 IU/µl). stereotacácally oriente<! to 
multiple structures, in fully awake animals, paníally rest.raíoed through a rod ñxation system that avoided pain. 
allowed the observation of clinical seizures and simultaneous m:ording of EEG, EMG and multiple unit acávny 
(MUA) from the injectcd site and the motor conex (Cx). Clinical and EEG seizure pattems in relation to the injected 
S1tes and penicillin dos~, werc studied in another group of animals using doses from 12.5 IU/0.1µ1 to 125 IU/1.0 µl. 
The time relationsbip t-- .veen muscular clonus, EEG spilces and MUA at the injected site and Cx were analyzed. The 
only area in which pemc:illin induced seizures was the m..-~,;noepbalic tegmentum (MT). The amount of penicillin but 
not the setereotactic coordin~.tes determ.ined thc seizure typc. MT EEG and MUA paroxysms anticipated clinical 
~e1zure and Cx EEG spikes. Wnen Cx EEG appeared, they werc accompanied by an increase in MUA beginning m 
1he Cx and EMG. followed by s1~ificant increase in MT MUA. The sequence of events suggest that MT se1Z1m 
activity propagares via altemattve pathways not involving dircct reticulospinal or pyramidal tract pathways. C 1999 
Elsevier Science B.V. Ali rights reserved. 

i..evwords: Brain uem: EEG: Muluple umt recordmg: Penicillin: Reticular formauon: Se1ZUre pauern 

! . lnttoduction 

Experimental data has provided evidence of the 
oarticipauon of the bram stem in the genes1s and 
:,roDagation of convulsíve acuvny (for review. see 
i-romm et al., 1987: Gale and Brownmg. 1988: 
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VeJasco and Velasco. 1990). 
From those observauons a number of contrc'

versies have been ra1sed in regard to: ( l) the 
anatomical structures involved m the genes1s of 
seizures: (2) the chnícal type of setZures mduced rn 
the brain stem: and (3 l the possible mechanisms 
by which epileptic activity ·ongmated' in the brair. 
stem propagates to the forebrarn. sptnal cord an_; 
muscles . 
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Dtscrcpancics are probably related to the meth· 
ods used to induce setzure. as many observauons 
were made usmg systemic convulsants (PTZ. pcni
cillin. bicuculline. maximal electroshock seizure or 
MES. etc.) or by topical applications designed so 
that the convulsant may reach severa! structures 
simultaneously (pledgets, push pull pcrfusion, 
powder. Jarge volume of solution. etc.). rcndenng 
the com:lation of the anatomical snc with the 
effect obtained practically 1mpossible. On the 
other hand, many obscrvations havc bcen made in 
anesthetized or paralizcd preparation allowing 
EEG and unitary or rnultiunit actÍ'- 1 ty (M UA) 
recordings but ccrtainly intcrfcring m the correla
t1on of such rccordings with clinical events. Fi
nally, many of the convulsant methods have a 
poorly defined action rnechanism (electrical stimu
lation. MES. cobalt, alummum hydroxide. etc.) or 
have been used in arnounts and concentrations 
that cast doubts on their possible diffusion and 
the panicipation of other physiological variables 
(pH. osmolarity, elcctrolytic content. etc.) in the 
epileptic event stu.died. 

Sodium penicillin (NaPC) is a convulsant with 
well defincd íntracellular (Ayala and Vasconsetto. 
I 970; Wong and Prince. 1979), topical (Pock· 
berger et al., 1984; Chatt and Ebersole. 1988) and 
propagated (Crowell. 1970; G loor et al.. 1977; 
Redecker et al., 1984; Hom and Gehring. 1996) 
mechanism, and maybe prepared in stable, 
buffered solutions approachmg interstitial fluid 
constants. 

Thc prcscnt study describes the effects of NaPC 
mJected m small volumes of a soluuon resembling 
the interstitial fluid in pH. osmolanty and sod1um 
content within the braín stem of awake cats. 
oartially restrained to allow EEG and MUA 
recordings during scizures and at the same time 
the obscrvation of the clinical events elicited. Spe
cial attention was paid to the identifica non of the 
mjected sites. 

2. Material and methods 

Twenty-five adult cats weighttng 2.8 ro 3.6 k~ 
·.\ere used for the expenments. Ali had an iniual 
, urgery under general anesthes1a w1th mtrapen-

toneal sodium pcnthota! (20 mg¡kg) for implant
ing a stereotactically onented 16-gauge cannul.1 
guide, 0.5 cm short of the mtended target to inject 
penícillin solution into the brain stem. as wcll as a • 
45º angled cannula convergent to the previous 
target to allow the passage of a microelectrode for 
rccording EEG and multiple unit activity (MUA) 
of the injected arca. Burr holes were performed 10 

allow placement of silver balls for EEG record
ings from right and left suprasylv1an cortices (RSS 
and LSS) and left antenor sigmoid gyrus (LAS) 
anda craniotomy window ovcr the right antenor 
sigmoid (RAS) gyrus to allow passage of a mi
croelectrode for MUA and EEG recordings of the 
subjacent cortex (Cx) was also pcrfonned. Stain· 
lcss steel wires isolated but 3 mm from their ups 
were inscrted in the posterior neck muscles on 
both sidcs to record EMG. A screw drilled on the 
frontal bone served as reference lead to ali record· 
ings. and ali recording electrodes were wired to a 
conncctor (Ar:phenol). Thc connector, cannulas 
and a pair of rods placed antcriorly and posteri· 
orly on the skull to rcplace the head in the 
stercotactic frame for future expcriments without 
inducing pain in an awake animal (Rod fixauon 
system by Kopf lnst. Tujuma. CA) were cemented 
to a plastic skull cap. 

The animals were left to recover. and one week 
later their heads wcre rcplaced in the stereotacuc 
frame. using the rod systcrn and mamtaining the 
body inside a transparent plastic cage that a]. 
lowed the follow up of the ammal's behavior. with 
an exit for the neck to restrict mouon and avo1d 
exccss1ve traction on the rod fixauon system 

2.1. lnjecuons o/ supramax1mal doses of penicil/11: 

Fourteen animals were used to determine the 
locauon and cxtension of the convuls1ve areas m 
the brain stem. In those animals. 32 target pomL 
along the brain stem were in1ected on the nght 
side with a solution contammg 500 UI Na pern
cillin/µl (850 mM. pH 6.8 to 7 .2. 484 mEq Na.L) 
at a rate of 0.1 µl/5s while EEG from RAS. LAS. 
RSS and LSS as well as EMG·MUA from righ: 
and leit postenor neck muscles were recorded .. ·\ 
careful ume lock chart of the ammars behav1c 
was kept throughout the expenment. The solut10:": 

,-,.11'"'\.1 ,_ ..... ,..._ a ---. ·-- - • 
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D1screpancies are probably related to the meth
ods uscd to induce se1ZUre. as many observauons 
were made using system1c convulsants (PTZ. peni
cillin. b1cuculline. maximal clectroshock seizure or 
MES. etc.) or by topical applications designed so 
that the convulsant may reach several structures 
simultaneously (pledgets, push pull perfusion. 
powder. large volume of solution. etc.). rendering 
the corrclation of the anatomical sne with the 
elTcct obtaincd practically 1mpossible. On the 
other hand, many observations have been madc m 
anesthetized or paralized preparation allowing 
EEG and unitary or multiunit acti\.,ty (M UA) 
rccordings but ccrtainly interfering in the corrcla
t1on of such recordings with clinical events. Fi
nally, many of the convulsant methods have a 
poorly defincd action mechanism (electrical stimu
lation, MES, cobalt, aluminum hydroxide, etc.) or 
have bcen used in amounts and concentrations 
that cast doubts on their possible diffusion and 
the participation of other physiological variables 
(pH, osmolarity, electrolytic content, etc.) in the 
epileptic cvcnt studied. 

Sodium pcnicillin (NaPC) is a convulsant with 
well defincd intracellular (Ayala and Vasconsetto, 
1970; Wong and Prince, 1979), topical (Pock
berger et al., 1984; Chatt and Ebersole. 1988} and 
propagated (Crowell. 1970; Gloor et al.. 1977; 
Redecker et al., 1984; Horn and Gehring. 1996} 
mechanism, and maybe prcpared in stable, 
buff ered solutions approaching interstitial fluid 
constants. 

The present study describes the effects oí NaPC 
mJected m small volumes of a soluuon rcsemblmg 
the interstitial fluid in pH, osmolanty and sodium 
content within the bram stem of awake cats. 
oartially restrained to allow EEG and MUA 
recordings during seizures and at che same time 
the observation of thc clinical events elicited. Spe
-:ial attention was paid to the 1dentificauon of the 
mjected sitcs. 

2. Material and methods 

Twenty-five adult cats wei¡?htmg 2.8 to 3.6 kg 
.,·ere used for the expenments. Ali had an mit1:1l 
-urgery under general anesthes1a with mtrapen-

toneal sodium penthotal (20 mg/kg) for 1mplant
ing a stereotactically onented 16-gauge cannu!J 
guide. 0.5 cm short oí the mtended target to inject 
pcnicillin solution mto the braín stem. as we\l as a 
45º angled cannula convergent to the preV1ous 
target to allow the passage of a microelectrode íor 
rccording EEG and multiple unit activity (MUA! 
oí thc injected arca. Burr holes were pcrformed t0 
allow placement oí silvcr balls for EEG record
ings from light and left suprasylv1an comces (RSS 
and LSS) and left anterior sigmoid gyrus (LAS l 
anda craniotomy window over the right antenor 
sigmoid (RAS) gyrus to allow passage of a m1-
croclectrode far MUA and EEG recordings of the 
subjacent cortcx (Cx) was also performed. Stain
less stcel wires isolated but 3 mm from their tips 
were ínserted in the posterior ncck muscles on 
both sides to record EMG. A scrcw drilled on the 
frontal bone served as rcference Jead to ali record
ings, and ali recording clectrodes were wired to a 
connector (Amphcnol). The connector, cannulas 
and a pair of rods placed antcriorly and posteri
orly on the skull to replace the head in the 
stcrcotactic framc for future cxpcriments without 
inducing pain in an awake animal (Rod fixauon 
system by Kopf lnst. Tujuma, CA) were ccmented 
to a plastic sku!I cap. 

Thc animals werc left to recover. and one week 
later their heads were rep!aced in the stereotacuc 
frame. using the rod system and maintaining the 
body inside a transparent plastic cage that al
lowcd the follow up ofthe animal's behavior. w1th 
an cxít for thc neck to restrict mouon and avoid 
cxccss1ve traction on the rod fixauon system 

2.1. lnjectwns of supramax1mal doses of penzc1ll11: 

Fourteen animals were used to determine th::
locauon and extension of the convuls1ve areas m 
the brain s1em. In those animals. 32 target pomb 
along the brain stem were inJccted on the nghr 
side with a soluuon contammg 500 UI Na pen1-
cillin/µl (850 mM. pH 6.8 to 7 .2. 484 mEq Na. L 1 

at a rate of 0.1 µ1/Ss while EEG from RAS. LAS 
RSS and LSS as well as EMG-MUA from righ: 
and leít postenor neck muscles were recorded .. -\ 
careful time lock chart of the ammal's behav10~ 
was kept throughout the ex.penment. The soluttor. 

,-,.1r"\.1 ,.,....,...,.,-.- a ---- ·-- • • 
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f s injccted by means of a Hamilton synnge 
.. amilton Co, Reno. NV) begmnmg with 0.5 µI 

IU of penicillin,'µl and was injected m volumes of 
O. 1 µI (12.5 IU) at the same rate of 0.1 µl15s 
rcpcated every 10-min until a convulsive eff ect 
was obtained or a max1mum of 1.0 µI (125 IL"I 
was inJectcd. Toe place of injection was marked 
with silver n1trate as previously described. 

SO IU NaPC) and increasing 0.5 µl evcry 30 min 
until a convulsive effect was observed or a maxí-

l _um of 2.0µJ (1000 NaPC) were inJectcd in each 
rget point. At the cnd of the experimental ses

sion. the site of injcction was marked with I 0'}í, 

l lver nítrate, injecting a volume similar of that of 
e penícillin solution used during the experiment. 

to determine the precise arca covered by the injec-1· on. Animals used for more than one injecuon 
d an intcrval of 4 to 8 days between injcctions 

uring which EEG and chnical observations did 
not show resídual eff ects. 

12. Dose-ruponse curves 

IOnce the convulsive arca for penicillin injcction 
the brain stem was determined «see results). 11 

animals were used to determine the convulsive 
threshold for penicillin. the pharmacological dose 
&ponse curves and the relationship between the 
lltierent type of convulsíve cffects induced with 
the amount of pcnicillin injccted and the precise 

l rcotactic coordinatcs of the injections within 
convulsivc arca. 

Animals wcre prepared as dcscribed above, tding rec:ordings of EEG and MUA from the 
ected place and ipsilateral anterior sigmoid 

,_ rus. MUA rccordings were performed through 
1 bipolar concentric stainless stcel clectrode, made 

l,m a 25 pugc cannula, isolated but at a distal 
g of 2 mm and a inside wire isolated but at the 

:p that was clcctrolytically sharpened to a s1ze of 1-80 µ (40 Kilohms of impcdancc). Recordings 
re amplificd and filtered though a 3000 Hz 
ndpass filter coupled with a stair cage generator 

,nd audiomonitor. Through a Smith trigger 
~A over 100% background noise were selected 
9J counted by meaos of the statrs cage genera-
)r. Each resct represented the count of 25 of the 

l cted units (Velasco et al.. 1975). Signa) from 
EMG recording was analyzed in the samr 

1anners as MUA. 

11n these animals. penicillin solution in_1ected wa~ 
lusted to approach physiological parameu:rs· 
__ ,S mM. '1.11 mOsm. l. pH 6.8 to 7.2 and l\a 
mtent of !50 mEq ·1. The soluuon contamed 1 ~~ 

1 
1 
1 

Thc relationship bctween the injected site deter
mined by their stereotactic coordmates (AP. lat
eral and height) and the SCtZure type obtained 
(focal motor. myoclonic tonic and tonic clonicl 
was statistically evaluated obtaining a mean value 
for cach stercotactic coordinate in mm for each 
one of the seizure pattems and using Friedman 
test (F-test) to determine differences in mean val
ucs bctween different seizure pattems. Student 
t-test scrved to determine the significance of dif -
f crences in the position of injection in the three 
coordinates tha1 induced a given scizure pattern in 
regard to the coordinates of injcctions that gave 
other scizure pattcrns. Relationships of NaPC 
dose (in IU) with different clinical and EEG 
seizures wcre evaluated through Student t-test. 

Dctcrmination of ED SO for gcneralízed tonic
clonic scizure (GTC) and dese rcs'POnse curve 
werc pcñonncd with observations made using the 
diffcrcnt concentration of sodium penicillin in ali 
25 animals. 

2.3. EEG, EMG and MUA re/ationships 

Whcn EEG. MUA and EMG p~:roxysmal dis
charges were not evidcntly time locked they will 
be only describcd in results. Whcn they appeared 
time locked temporal relatíonship between the 
conical EEG spike with the increments and decre
ments of MUA at the cerebral cortex (Cx MUAI. 
brain stem convulsive arca (MT-MUA) and EMG 
(EMG-MUA) were analyzed. 

The increments and decrements of MUA were 
detennined m relation to the apex of the EEG 
spike while the polygraphic recording was speeded 
at 50 mm/s. lncremenrs or decrements in MUA 
occurring every 100 ms were quantified along l s. 
starting 500 ms before the ape,; of the EEG spike 
Signiñcance of changes was detennined through a 
Student r-tes: 

At the end of the expenments animal were 
sacririced by a lechal dose of penthobarbnal anJ 

?ac• __ 
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1 their brains perfussed throug:h intracarotid injec
tion of 10% buffered fonnaldehide. The inJected 
si tes were cxamined in I O µ thick section stained 
with Luxol-fast blue. 

1 
3. Results 

1 3. 1. Locatian and extensian of the convuisive area 

1 A total of 36 injections using penicillin solution 
500 Ul/µI wcre perfonned in 12 different targets 
along thc brain stem of 14 cats. Ali injected sites 
were identiñed in histological sections. At the 

1 mescncq:,halon they included: Mcsencephalic teg
mentum (MT) (from A= 1.0 to 3.5. L = 1.5 to 3.5 
and H • + 2.0 to - 4.0) covering mostly the arca 

1 of the mesencephalíc reticular fonnation (MRF) 
and surrounding tegmentum dorsal and lateral to 
the red nucleus (n • t O): the pes peduncule includ
ing substantia nigra (SN) and cerebral peduncule 1 (n"" 3) and tectal arca in the medial gcniculate 
body, superior and inferior colliculi and pcriaque
ductal gray (n • 4). In the pons and medulla they 

1 included the pontine reticular fonnation (magno
cellular nuclcus) (n "" 7), raphe nucleus (n = 5), 
superior cerebellar peduncule (n = 2). facial nu-

1 cleus (n - 1), vestibular nucleus (n = 1) and bulbar 
reticular formation (BRF) (n = 3). 

Nine out of ten injections in MT induced clini
cal and EEG seizures with amounts between 250-1500 IU (mean 428 IU). Seizure staned 7 .3/2.6 min 
ar"ter injection as a focal contralatcral myoclonus. 
evolvmg to generalized myoclonus in ali. assoc1· 

1 ated to generalized spikes or polyspikes EEG 
complexes and seven cases ended with repeated 
generalized tonic clonic (GTC) clinical and EEG 
seizures. None of the injections outside MT in-1 auced seÍZUres even when the total dose in_iected 
reached 1000 IU of penicillin. Eight out of ten 
mrections in PRF and BRF induced EEG syn-

1 chronization with persistent spindle bursts associ· 
:1ted with sleep in animals otherwise reactive ancl 
.~ 5 injections in the raphe nucleus induced sleep. 
:n one case assoetated to the whole clinical. EEG l ;md EMG picture of REM sleep. ln.1ecuons m tht: 
\·esubular nuclei induced tonic contracuon m C\· 

tt:ns1on of the four extremities and m the iac1a: 

1 
1 
1 

nerve tonic facial ipsilateral contraction and saii
vation. neither one associated to any EEG paro>.
ysmal discharges. The rest of the inJections did 
not elicited detectable effects (Fig. 1 ) 

3.2. Clinical and EEG seizure patterns in re/atwn 
to penicillin dose and inJected site. 

Injection of sodium penicillin solution 82.5 mM 
C:?72 mOsm, 125 JU µI) was perfonned in l 1 
targets within the previously defined convulsive 
arca. Injections staned at 12.5 IU (0.1 µIJ and 
were progressively increased 0.1 µl every I O min 
ur'.il GTC were obtained ora maximun of 1.0 µ! 
(l 25 IU) werc injected. All injections induced a 
contralateral facial myoclonus and EEG spikes 
more prominent in the ipsilateral Cx. As injec
tions proceeded I0/12 times facial myoclonus ex
tended to contralateral limbs. more prominent in 
the anterior iimb and generalízed myoclonus ac
companicd by generalized spikes or polyspikes; in 
7/12 a gencralized tonic clinical and EEG seizure 
developed; finally. in 6/12 injections a GTC clini
cal and EEG conwlsion developcd. The amount 
of penicillin necessary to induce thc different clin
ical seizure patterns was signiíicantly larger for 
contralateral myoclonus (P > 0.02), generalized 
myoclonus. tonic and GTC (P < 0.001) than for 
facial myoclonus. There were also significant dif
fcrences between ¡ - !ralized myoclonus and tonic 
seizure (P < 0.05) and GTC (P < 0.002). DE 50 
for GTC seizures was 126 IU. The amount of 
penicillin necessary to induce EEG isolated spike, 
was signiñcantly lower than for tonic ( P < O.O l , 
or GTC (P < 0.001) EEG paroxysms. (fable I 
and Figs. 2 and 3). None of the seterotactic 
coordmates (AP. lateral and height) correlated 
with any particular type of clinical or EEG 
pattern. 

it was remarkable that chnical facial myoclonus 
preceded by seconds or minutes the onset of Cx 
EEG spikes. 

3.3. Clinicai. EEG. and EMG relacionshrp., 

Focal EEG soikes and paroxysmal increase ::: 
MUA m MT were the first e-vents to appear ait:~ 
m_1ect1on of NaPC. they progressively mcreased 
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1 thcir brains peñussed through intracarotid injec
tion of 10% buffered fonnaldehide. Thc inJected 
si tes were examined in I O µ thick scction stained 
with Luxol-fast blue. 

1 
J. Results 

1 3.1. Location and extension o/ the convuiswe area 

1 A total of 36 injections using penicillin solution 
500 Ul/µI were peñonned in 12 diff crent targets 
along the brain stem of 14 cats. AII injectcd sites 
were identüied in histological sections. At thc 

1 mesencephalon they included: Mesencephalic teg
mentum (MT) (from A = 1.0 to 3.5. L = l.5 to 3.5 
and H = + 2.0 to - 4.0) covering mostly the arca 

1 of the mesena:phalic reticular formation (MRF) 
and surrounding tegmentum dorsal and lateral to 
the red nucleus (n - 10): the pes pcduncule includ
ing substantia nigra (SN) and cerebral peduncule 1 (n = 3) and tectal area in the medial geniculate 
body, superior and inferior colliculi and periaque
ductal gray (n • 4). In the pons and medulla they 

1 íncluded the pontine reticular fonnation (magno
cellular nucleus) (n = 7), raphe nucleus (n = 5), 
superior cerebellar peduncule (n = 2). facial nu-

1 cleus (n • 1), vestibular nucleus (n = 1) and bulbar 
reticular fonnation (BRF) (n = 3). 

Nine out of ten injections in MT induced clini
cal and EEG seizures with amounts between 250-

1500 IU (mean 428 IU}. Seizure startcd 7 .3/2.6 min 
atter injection as a focal contralateral myoclonus. 
evolvmg to gcneralized myocJonus in ali. associ-

1 ated to generalized spíkes or polyspikes EEG 
complexes and seven cases ended with repeated 
generalized tonic clonic (GTC) clínica) and EEG 
seizures. None of the inJections outside MT in-1 auced seÍZUres even when the total dosc injected 
reached 1000 IU of penicíllin. Eight out of ten 
miectíons in PRF and BRF induced EEG syn-

1 chronization with pers1stcnt spindle bursts associ
:1ted with sleep in animals otherwise reactive and 
~ 5 injections in the raphe nucleus induced sleep. 
:n one case associatcd to the wholc clinical. EEG l :md EMG picture of REM sleep. ln_1ect10ns m the 

- l'esubular nuclei induced tonic contracuon m e,-
1ens10n of the four extremiues and m the facwl 

1 
1 
1 

nerve tonic facial ipsilateral contraction and sali
vation. neither one associated to any EEG paro:i..
ysmal discharges. Thc rest of the inJections did 
not elicited detectable cffects (Fig. 1) 

3.2. Clinicai and EEG seizure pa11erns in reiatwn 
ro penicillin dose and inJected sue. 

lnjection of sodium penicillin solution 8'.!.5 mM 
('.!72 mOsm, 125 IU µl) was perfonned in l'.! 
targets within the previously defined convulsíve 
arca. lnjcctions staned at 12.5 IU (0.1 µIJ and 
were progressively increased 0.1 µI every I O min 
ur.:il GTC were obtained or a maximun of 1.0 µI 
(125 IU) were injected. Ali injections induced a 
contralateral facial myoclonus and EEG spikes 
more prominent in the ipsilateral Cx. As injec
tions proceeded 10/12 times facial myoclonus ex
tended to contralateral limbs. more prominent in 
the anterior limb and gcneralized myoclonus ac
companied by gencralized spilces or polyspikes; ín 
7 / 12 a generalized tonic clinical and EEG seizure 
developed: finally, in 6/12 injections a GTC cliní
cal and EEG convulsion developed. The amount 
of penicillin necessary to induce the different clin
ical seizure patterns was significantly larger for 
contralateral myoclonus {P > 0.02), generalized 
myoclonus, tonic and GTC (P < 0.001) than for 
facial myoclonus. Thcre were also sígníficant díf
ferences between i · ~ralized myoclonus and tonic 
seizurc (P < 0.05) and GTC (P < 0.002). DE 50 
for GTC scizures was 126 IU. The amount oí 
penicillin neccssary to induce EEG isolated spikes 
was signiñcantly lower than for tonic ( P < O.O 1 , 
or GTC ( P < 0.001) EEG paroxysms. (Table 1 
and Figs. 2 and 3). None of the seterotactic 
coordmates (AP, lateral and heíght) correlated 
with any particular type of clinical or EEG 
pattern. 

lt was remarkable that clinical facial myoclonus 
preceded by seconds or minutes the onset of C.\ 
EEG spikes. 

3.3. Chmca/. EEG. and EMG reiauonshzp., 

Focal EEG spikes and paroxysmal increase ir1 

MüA m MT were the firsr t>vents to appear alter 
m1ec11on of NaPC. they progress1vely increasec 

- ........... . 
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Fig. 1. Diagrams of coronal secuons of the cats brain stcm from A • 3.0 to P - 6.5 laken from the stereotactic atlas by Smder and 
N1emer (1961). lhowing the mJected sues with high conc:entrated penic::ilhn soluuon (big filled and clcar dots) and low concentratcc 
soluuon 1small dots). Ali m¡ecuon but one withm the mesenc:ephahc tettrnenium elicued sorne pattem of chn1cal and EEG seizurr 
tfüled dotsl. whereas none ouu1dc th1s arca mduc:ed climcal and EEG seizures lc::lear dotsl. AbbreVJauons: BRF. bulbar reucul.i~ 
10rma:u0n: CGM, medial gemculatc oody: CI'. cerebral peduru:le: CT. trapczcid body: IC. mienor cclbc::uius; LM. medial lemmscu,. 
MRF. mesenc:ephahc rc:111:~·.ir fonnauon: NCT. nucleus 1rapez0id body; NII', nucleus IDtc~uncula.ris: NO. nuC'leus obvaris: NR. 
raphe nucleusl; NV. vestibular nucleus; NV, trigmunal nucleus: PAG, pcnaqueductal gray; PCS. supenor ccrcbcllar peduncuh:: R:\. 
red nucleus; SC, supenor colhculus; SN. substanlia mgra. In the left upper comer a m1crophotog:raph of a colorant mark usmg O.:' 
µi is presented to g1vc an idea of the difíus10n along the needle tract of the in,ec::ted soluuon. 

and were accompanied by clinical and EMG focal 
myoclonus, before any paroxysmal activity ap
peared in the motor Cx. lncrements in MUA in 
MT and EM G did not correlated m time with MT 
EEG spikes (Fig. 4). 

When Cx EEG spikes appeared. paroxysm::i.: 
discharges in MUA at Cx. and EMG becam:: 
svnchronic with the EEG spiices. In oroer t, 

áetennine the precise time relat1onsh1p betwee~ 

these events. EEG individual spikes were analyzed 
in relation to MUA mcrements in different stru(;
tures. Taking the apex of conical EEG spike a$ 
time ·o·. it was observed that Cx-MUA had a 
significant increase 200 ms before the apex. ac
companied by a progressive increase in EMG
MUA. lncrements m MT-MüA occurred at um:: 
'ff and accompanied by iunher mercase in EMG
MUA and decrease in Cx-MUAi.:(Fig. 5¡i 1..1-· 

-~-
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Table l 
Summarizes lhe observauon (n - 12) when iniecung 82.5 mM NaPC" 

Se12Ure typc Number of Range of pemcilhn dose 10 10temat1onal units (IU) X SE P< 
events 

Facial myoclonus 12 12.5-35.0 19.4 2 
ContraJateral my- JO 25.0-50.0 38.5 7.8 0.018 

oclonus 
Generalizcd myoclonus 10 25.0-100.0 54.2 9 0.001 
Generalizcd tome 7 35.0-125.0 94.l 18.J 0.0001 
GeneraJized tome- 6 62.5-125.0 117.5 14.8 0.0001 

clonic 
Eu pattem 
lsolated spikes 9 12.5-87.5 33 8.2 
Polyspikes 10 25.0-87.S 57 8.8 NS 
Tonic 8 25.0-125.0 91.7 17.5 0.001 
T onic-clonic 7 87.5-125 108.1 15.6 0.0001 

• ln all instances, facial myoclonus and isolated EEG s¡,ikes &ndlor polyspiltes were induced. S:nce the mu.amal volume of 
penic:illin w&s l.O µl (12S IV) only half oí the injections were followcd by OTC convul51ons. The mean values of tbe 1m0unt of 
peoicillin injected inducing diJTercnt clinical and EEG pauerns are presented and one may observe that they were lignificantly lower 
for facial myoclonus and isolatcd spikes that for other clíntcal and EEG pattems. 

4. Discassion 

4.1. Anatomical Jocation of the convulsive area 

One limitation of the prescnt study is the lack 
of control on the diffusion of NaPC away form 
the injected site as well as the possibility of back 
reflux along the needle tract. However, spreading 
to neighbor structures as a cause of the convulsive 
effect is unlikely as doses of NaPC eight times 
larger those required to induce GTC seizure and 
up to 80 times the thrt · ·1old dose for facial my
oclonus. failed to induce any seizure event when 
mJected 2-3 mm away fonn the MT. Spreading 
through thc blood strcam to distant sites as the 
cause of seizures is cven more remate as systemic 
administration of NaPC requires about 30 000 
IU/kg of animals weight to induce GTC scizures 
(Quesney et al., 1977). 1.e. over 7000 times the 
amount used in this study. On the other hand. the 
cannula guide used to orient thc needle of the 
Hamilton syringe within brain stem was intcnded 
to prevent spread°mg of NaPC as the needle tra
verscd other conical and subconical arcas and 
although the colorant uscd (silver nttrate) and 
NaPC soluuon may have diffcrent diffus1on 
rateshan NaPC. visual mspecuon of thc anatom1-

cal scctions gave an idea of how little colorant 
reflux is obtained injecting from O.S to 0.1 µJ, that 
in no instance cxceeded 2 mm and most likely 
injectíons of 0.1 µI cover even smallcr arcas (Fig. 
1). Finally. studies on the ciiffusion within thc 
cerebral parenchyma using (Cl4) labeled NaPC 
solution shows a very slow diffusion rate of about 
1.5 mm/h (Noebels and Pedley. 1977) while 
epileptic cvents in present experiments develop 
within I O mm after the injecuon of NaPC. Usmg 
the technique of current-source-density analysis, 
Eiselt et al. (1998) dcmonstratcd that NaPC ap
plicd subpíally induce a focus of spikcs within an 
area of 3 mm. beyond which electrical potential 
seem to be involved in inhibition rathcr than 
excitation of epileptic activity. 

The convulsive area in the MT of thc cat hercin 
dcscribcd closely corresponds to the convulsive 
arca dcscribed in thc rabbit mesencephalon using 
thrcshold clectrical stimulation (Bergmann et al.. 
1963). Apparently. higher intensity current 
(Kreindler et al., 1958) or larger volumes and 
doses of penicillin (Ralston and Langer. 1968¡ 
induce seizures from other parts of the reticular 
formation. NaPC up to 1000 JU did not produce 
scizures when inJected mto bulbar and ponune 
reticular fonnation and mstead animals dcvelopec 
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Table: 1 
Swn.marizes the observauon (11 .. 12) when in¡ecung 82.5 mM NaPC' 

SelZllre type Numbcr of Range of pen1cilhn dosc in 1nternauonal units (IU) X SE P< 
events 

Facial myoclonus 12 12.5-35.0 19.4 2 
Contral.lteral my- 10 25.0-50.0 38.S 7.8 0.018 

oclonus 
Generalized myoclonus 10 25.0-100.0 S4.:! 9 0.001 
Generalized tome 7 35.0-125.0 94.1 18.3 0.0001 
Generalized ton1c- 6 62.5-125.0 1 !7.5 ]4.8 0.0001 

cJonic 
Eu pauem 
lsolated 1pikes 9 12.5-87.5 33 8.2 
Po1)'1Pikes !O 25.0-87.5 57 8.8 NS 
Tonic 8 25.0-125.0 91.7 17.5 0.001 
Tonic~lonic 7 87.5-125 108.1 15.6 0.0001 

• In all instances. facial myoclonus and isolated EEG 1¡,ikes and/ot polyspii.e1 were induced. S:nce the muimal volume of 
pcnic:illin wu 1.0 µI (125 JU) only halí of the injections were foUowed by GTC convuls1ons. Toe mean va.lues oí the amount of 
pcnic:iUin inJeCU(I iDCIUC1ng dilTerent clinical and EEG ¡,a.nems are presenr.ed and one may observe that th,:y were significantly Jower 
for facial myoclonus and isolated spikes that for other clinicaJ and EEG pattcms. 

4. Disamion 

4. J. Anatomical location o/ the convulsive area 

Onc limitation of the prcsent study ís the lack 
of control on thc diffusion of NaPC away form 
the injectcd sitc as wcll as the possibility of back 
rcflux along the necdle tract. Howevcr, sprcading 
to neighbor structurcs as a cause of thc convulsive 
effect is unlikely as doses of NaPC eight times 
larger those rcquired to induce GTC seizure and 
up to 80 times the thrt · 1old dose for facial my
oclonus. failed to induce any seIZUre event when 
mJected 2-3 mm away form the MT. Spreading 
through thc blood strcam to d1stant sites as the 
cause of scizures is even more remote as systemic 
administration of NaPC rcquires about 30 000 
IU/kg of animals weight to induce GTC seizures 
(Quesney et al., 1977). i.e. over 7000 times the 
amount used in this study. On thc other hand. the 
cannula g:uide used to orient the necdle of the 
Hamilton syringc within brain stem was intended 
to prcvcnt sprcadmg of NaPC as the necdle tra
versed other conical and subconical arcas and 
although the colorant used (sílver mtrateJ and 
NaPC solution may have different diffusion 
ratcshan NaPC. visual mspectton of the anatom1-

cal sections gave an idea of how littlc colorant 
reflux is obtained injccting from 0.5 to 0.1 µl. that 
in no instance excecded 2 mm and most likcly 
injections of 0.1 µI covcr evcn smaller arcas (Fíg. 
1 ). Finally. studies on the diffusion within the 
cerebral parenchyma using (Cl4) labcled NaPC 
solution shows a vcry slow diffusion ratc of about 
1.5 mm/h (Nocbcls and Pedley, 1977) while 
cpilcptic events in present experiments develop 
within 10 min after thc injection of NaPC. Using 
thc tcchniquc of currcnt-source-dcnsity analysis. 
Eisclt et al. (1998) demonstrated that NaPC ap
plied subpially induce a focus of spikes withm an 
arca of 3 mm. bcyond which clcctrical potential 
seem to be involved in inhibition rather than 
excitation of epilcptic activity. 

Thc convulsive arca in the MT of the cat hercin 
dcscribed closely corresponds to the convulsive 
arca dcscribcd in the rabbit mescncephalon usmg 
thrcshold clectrical st1mulation (Bergmann et al.. 
1963). Apparcntly. higher intensity current 
(Kreíndler et al.. 1958) or larger volumes and 
doses of pcnicillin (Ralston and Langer. 1968¡ 
induce seizures from other pans of the reticular 
fonnation. NaPC up to 1000 JU did not produce 
seizures when inJected mto bulbar and pontme 
reticular formauon and mstead ammals developec 
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·1g. :?. Dose respon5e curve in relauon to penicillin dose. Filled bars. clinical S1:1ZUre pattem: empty bars. EEG pattern, showing the 1 nean and standard errors to ehcit facial myoclonus and other clinical pa11ems and also 10 e!JcIt sp1kes and tonic or GTC-EEG 
,c1zures . .. p < 0.02, ... p <: 0.001 

1 chnical and EEG pattern of slecp. as had been l :,reviously described injecting pentylenetetrazol in 
. ne same arcas (Velasco et al.. 1983). When ín
ected in the raphe nucleus NaPC induced either 

l .oindlc bursts or paradoxical slecp reponed by 
ithers, (Martmez et al.. 1997). 

The convulsive arca was restricted to the inter-

1 nediate part of the MRF (Van der Kooy. 1987) 
:id the tegmental arca dorsal and lateral to the 
~d nucleus. lt was tdentified usmg both 1soosm0· 
.,. low sod1um content NaPC soluuon. that has 1 ·::t:n described to havc speciñc antigabaergic ef
~(t (Wong and Pnnce. 1979: McCandless anc.: 
rnesmith. 1992) as weli as hyperosmolar. h1?h 

1 
1 
1 

sodium contem solution that may have other 
depoJarizmg effects (Ayala and Vasconsetto . 
1970). lnjections ventral to this area did not in
duce either clinical or EEG epileptic events. as has 
been described befare usmg other antigabaergic 
substances in the substantia nigra (SN) (Arnt and 
Scheel-K.ruger. 1980: Gunne et al.. 1988). GABA 
acuvauon in the SJ\i seems to be related to the 
control of seizures initiated elsewhere or induced 
by system1c convulsants (ladarola and Gale. 
1982). On the contrary. Kamic acid induce strong 
motor seizures when m.iected m the SN. but not m 
the MT (Magg10 et aL l 99UJ and recent experi
menis m out laooratory rephcate most of the 
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Fig. 3. Dote-rapome curve Cor GTC. Tbis curve was obta.ined using the information derived from ali animaJs that receivcd NaPC 

1 in MT. in iso and byperosmolar concentrations and through a non-lineal regression SJgmoidal curve est1mated by mcans of a 
computer program named Sigma Plot for Windows 

observations made with NaPC in the MT usmg 

1 bicuculline, a specific GABA A receptor antago
nist (Velasco et al in preparation). suggestmg that 
within the mesenccphalon there are different bio-

1 
:hemical mechanisms to induce and control 
setzures. In the cerebral peduncle injecuon of 500 
: U did not produce clínica! or EEG paroxysms. 
which makes unlikely that the convuis,ve effects 

1 ~roduccd by mesencephalic NaPC are due to an
:1dromic cxcitauon of the motor conex v1a pyra
cntdal tract. 

1 Jnjection in the colliculi did not produce de-
· ectable EEG or climcal changes. contrary to that 
!escribed injecting bicuculhne m rats (Tsutsut et 

•. : .. 1992). 

· .2. Serzure pattern 

1 NaPC lSOosmolar solution m1ected m progre.~
. , e doses m the MT mvariabiv mduced foco: 
·1otor se1ZUres before other se1zure pattems. A:. 

1 
1 
1 

though in our experiments we remained attached 
to the use of 82.5 mM solution (isoosmolar) to 
avoid the etTect of osmolar or Na content vari
ables as cause of dcpolarizauon. in 2 mstances 
using 8.2 mM solution and 2.5 lU NaPC dese. we 
could induce focal EEG spikes and focal m,
oclonus. whtch tS the same dose used m corttcal 
NaPC in¡ecuon to induce focal spikes (Chatt and 
Ebersole. 1988). Smce there ,s not anatomical or 
physiological cvidence of a topograph,cal orgarn
zation in the MT, ene many speculate that focal 
myoclonus resulted from orthodromic or an
tidromic cxcitauon to the motor cortex. Howcver, 
as illustrated m Ft~. 4. d1sttnct MT EEG spikes 
and muscular myoclonus were present beiore 
EEG or MU A paroxysms appcared , che motor 
Cx. Myoclonus has been produced bv NaPC m
JCCted m the bram stem (Ralston and Langer. 
1968J and other c1rcumstances affecttng thc bra1:-1 
stem (Hallen et al.. ¡ 9,9, Chung and Van Woer: . 
19861 and have oeen orooosed to result frorr, 
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Fig. 4. Sequence oí events mduced by NaPC ín MT. EEG Cit. motor corteit; EEG-MT. mcsencephalíc te[!fflentum: EMG. muscular 
recording from neck muscles: MUA. 1ntegrauon of muluple unzt rec:ordrng from the Cx. MT and EMG. each reset of thc stairca.se 1 reprcsents the count of 25 of the selected units which werc those with an amphtude above 100'/o 1hc nmse level. A: ) min after 
1mection oí 12.5 IU penicillin EEG spikes accompanied by MUA paroxvsms at lhe MT (asterisks) appear m the absence of e,. 
EEG, and MUA and EMG-MUA changes. B: As NaPC dose mcn:ase (25 JU). MT EEG and MUA paroitysms became more 
oromrnent and EMG dzscilar!!es appear /arrows): there 1s a steady inc:rease in Cx-MUA but still in the absencc of Cx-EEG 1 oaroxysms. Notice that MT· EEG and MUA and EMG discbarges are not prec1sely n:lated in umc 

propag~uon of brain stem epileptic activüy to 1 rne spinal cord. through midline descending 
reticulo-spinal fibers ongmated in the pontine 
and bulbar reticular fonnation and raphe nu· 

1 c1eus (Newman, 1995). Smce no clinical se1ZUre 
were induced injectíng NaPC in those nuclei. n 
1s unlikety that MT paroxysmal activity used 

1 tn. ese pathways to propagate to the spinal cord. 
Besides. experimental evidence has been pro· 
nded that focal myoclonus originated m th::: 
torebrain (for reVJew see Gale and Browmnf:. 1 ! 9881 and therefore, it is possible th:n ffi\ • 

0c1onus result from propagauon through othe~ 
:orebrain cortical or subcortical structure~ 

1 
1 
1 

different from the motor Cx 
On the other hand, as NaPC dose was in

creased. semire progress1on closely resembled 
'kindhng' induccd by temporal lobe amygdala 
stimulation and although electrical stimulation 
of MRF has been unsuccessful in ehciung km· 
dlmg (Goddard et al.. 1969). tne possibilil\ 
that MT paroxysmal activity propagates using 
the same forebrain structures of amygclala kin
dlmg remains. Funher expenments usmg the 
epilepsy model herem described and recoróm;
EEG and MUA of diflerent corucal and sur-
cortical structures m relauon ro clmical event, 
are necessary to elucidate th1s matter 

.. - - - - .. .. - - . ..__ - - - - -· ........ ..-. 
) 



• •W W • 9 W I W • FW'W a -----:---

Wed A:.:.-::: - - .. .. ,.. --- ....... - . 

F. J,mme= et al.! Ep1iepsv Research 000 (19991 (}()()-000 

1 
1 

• 
1 

7 

f 

Cx , 

' 
) 

z • •• 

. i' ·1111 1 !I 
1 · ; : ' 

l: : tili; ¡l ' · . ¡I 1 , 

1 
1 
1 

l' 

• •• 
e· • ::, . 
:le 7 

o 1 
~2 MT 1 ., .... 
... a, • 
zt: J wz 

t :E:I 
.., :E 
a::, o !z .¡ 

• 
7 

i. 

1 

I' 

. ll1ll:11 

1 

1 
EMG !> 

• 
J 
1 

1 
o ...L-¡;....~--,---,...---r-...... ""'T-...,...._.---, 
-M>o •JO'I -,on • 100 • 100 +too 

-•oo -ioo o +100 ••oo 

MILLlllCONOS 

1 ••p <: O.O!! 

•••Pe 0.00:i 

Fig. S. lncn:ments and dccmnents in cortical (Cx), mesencephalic tegmentum (MT) and EMG multiple unit activilies (MUA) in 1 relation to Cx-EEG spikes (right lid.e). EEG spikc apex was considered time 'O' and changcs in MUA cvaluated for each structure 
in 100 m, epocbs along I s. stan1ng SOO ms bcfore the apex. From 20 observauons. the mean value of MUA for each epoch and 
eacb structure wu obtamed and compared with that oí the 1m.mediately precedmg epoch, and the sigJUficance of changes evalu.ateé 
through a Studcnt t-tcst. lt can be seen tbat discrete but significant increase 1n Cx-MUA anticipated EEG spikc apex, while more 1 prom1nent íncmnenu in EMG-MUA. and MT-MUA oc:eurred at ume 'O' and 100 ms after. respecuvely. lncrease in MT-MUA wa, 
comcident with funber increase in EMG-MUA. and decrease ín Cx-MUA. 

1 ~.J. EEG, EMG, MUA and climca/ sezzures 
relationships 

Focal EEG spikes and increased MUA result-

1 mg form local application of NaPC in the bram 
stem •have been reponed befare (Ralston and 
Langer, 1968. Mameli et al.. 1991 ). Since those 

1 experiments were perfonned in anesthetized or 
oaralyzed animals by means of muscular relaxants 
or brain stem transections. temporal relauonsh1p~ 
oetween electrophysiological and clinical events 1 were difficult to assess. 

1 
1 
1 

ln our experiments panicular mterest was pa1d 
:.:i these temporal relauonshtps and tt was clea~ 

that focal EEG spikes and increased MUA in the 
MT anticipated chnical and EMG se1ZUre and Cx 
EEG spikes. As NaPC dose was increased. foca! 
MT EEG spikes became accompanied by EMG 
and clinical myoclonus befare Cx EEG spikes 
appeared. EEG spikes and mercase MU A m MT 
mercase in EMG-MUA and clinical seizures were 
not ume locked. which agarn makes unlikely tha: 
seizure activity in MT propagares by d1rect spm0-
reticular fibcrs or through the motar Cx. 

When Cx EEG spikes appeared. the ciinic;;.: 
seízure patterns was generalized myoclonus and :i.: 
that moment Cx EEG sp1kes and mercase 1~. 

MUA m Cx. MT and EMG and cllmcal setn::-~ 
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bccame timclocked. Fine analys1s of ume correla
tton indicates that increase in Cx MUA antic1-
pated mercase in MUA_ at MT and EMG and 
that was a simultaneous increase in MUA at MT 
and EMG at the apex of EEG spik~. which 
md1cates that Cx is facihtatory of myoclonic 
seizure activity in the brain stem. 
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