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Snmmuary--The effect of t_-lysergic acid diethylamide (LSD) upon ponto-geniculo-occipital
IPGO) wave activity was studied in the cat. The results includ,e the following observations:
(11 During the acute phase of LSD's action (90-120 min), the PGO waves which appeared
in the visual system were identical to those which normally accompany eye movement in the
alert animal (PGOw). (2) A pattern of 4-8/see activity, not ordinarily present in the cortical

i EEG during arousal, began to dominate the recording in the intervals between PGOw as the
dose of LSD was increased to a maximum of 800 #g/kg. (3) A prolonged period of slow wave

t sleep followed the acute phase of drug action. There was a delay in the return of REM sleep

t and a delay in the appearance of the PGO waves associated with this state (PGOREM).
- The results oppose the hypothesis that the hallucinogenic effect of LSD is a result of the

release of PGOa_minto the state of wakefulness.

D-Lysergic acid diethylamide (LSD) induces profound alterations in visual perception
in man (JARWK,19671and for this reason the effect which the drug exerts upon the
visual system has been studied extensively. Numerous attempts have been made to
define the influence of LSD upon evoked potentials in the lateral geniculate nucleus
(EvArTS, LANDAU, FREYGANGand MARSHALL, 1955; EVARTS,1958; BISHOP, FIELD, HEN-
NESSYand SMITH,1958; BIS,OP, BURKEand HAYHOW,1959) and the visual cortex (MAR-
RAZZland HART, 1955; EVARTSet al., 1955; PtJRPURA,1956; ROvE'rrA, 1956; KOELLA
and WELLS, 19591. At the single unit level, the technique of microiontophoresis has
been used to study the effect of LSD upon the discharge rate of neurones in the lateral
geniculate nucleus (CURT1Sand DAvis, 1962; Teagcls and DI MAa:L_,1972) and the
effect of the drug upon the receptive fields of cells in this nucleus has been investigated
(HORNand MCKAY, 19731. Taken as a whole, these studies suggest that LSD has a
depressant effect upon neuronal activity within the visual system, but the findings are
of little help in explaining the drug's ability to induce visual hallucinations in man.

A rather different approach to the problem of LSD's action upon the visual system
has evolved from studies of the sleeping animal. During the rapid eye movement (REM)
phase of sleep, bursts of unit activity and associated slow potentials appear in the
visual system of the cat (BROOKSand BIzzl, 1963; BIzzl, 19661and it has been suggested
that these events may be related to the visual imagery that occurs during dreaming
in man (MoruzzL 1963; MORRISONand PomPeIAnO, 1966; JOUVEt,1967; DEMENT.1969).
The slow potentials, termed ponto-geniculo-occipital waves (PGO_Eu), are usually synch-
ronous with the eye movements of REM sleep. The PGOREmhave been studied exten-
sively (BROOKS,1967, 1968a,b) and can easily be distinguished from the similar activity
(PGOw) which accompanies eye movement in the alert animal (BROOKSand G_rsHoN,
1971). The PGOrr M appear to be confined to REM sleep by a serotonergic gating
mechanism formed by neurones within the raphe nuclei. According to the model pro-
posed by BROOKSand GERSHON(1968, 1971), neurones within the raphe exert a tonic
inhibitory influence upon the pacemaker for PGOREM,positioned within the reticular
formation of the pons, and this influence is lifted only when these neurones decrease
their discharge rate during REM sleep. Raphe neurones displaying discharge character-
istics consistent with this model have been described (McGINTV, HARPERand FAIR-
BANKS,1973). Disruption of this gating mechanism, achieved either by drug treatment
(DELORME, .IEANNEROD and JOUVET, 1965; DELORME, FROMENT and JOOWT,1966; BROOKS
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and GERSHON, 1968, 1971; DEMENT,1969) or by lesions in the region of the raphe (
nuclei (SIMON, GERSHONand BROOKS,1973) allows PGORv,u to occur during wakefulness d
and in some instances this is accompanied by behaviour which suggests that the I"
animal is perceiving visual hallucinations (DEMENT,1969). i_

These findings are particularly intriguing because they suggest a mechanism by which t_
LSD might induce the reported alterations in visual function. D-Lysergic acid diethyla- s
mide is known to inhibit neuronal activity within the raphe nuclei (AGHAJANIAN, FOOTE s
and SHEARD,1968, 1970; AGHAJANIAN, HAIGLERand BLOOM,1972). If the raphe neurones a
which are thought to regulate PGORr_Mare influenced in this manner by the drug, t
then the indirect effect of LSD upon the pacemaker would be oue of disinhibition. I
Thus, it would be reasonable to propose that PGOR_ appear during wakefulness follow- 1
ing treatment with LSD and that this is the basis for the disturbance in visual perception.
Rather similar schemes have been advanced recently to explain the effect of LSD upon t
sensory transmission (GUILBAUD, BES_)N, OLIVERASand LIEBESKIND, 1973) and upon 4
the startle response (DAvis and SHEARD,1974). l

The hypothesis that LSD causes PGORE_ to appear during wakefulness has been c
tested in two laboratories and conflicting results have been reported (FROMENT and q

_ ESKAZAN,1971; STERN,MORGANEand BRONZINO, 1972). Therefore, the objective of the c
present study is to resolve this matter by defining in detail the effect of LSD upon

bothPGOwaveactivityandREMsleep, i s

METHODS a

Experiments were performed on a series of eight adult cats. Stainless steel bipolar i a
electrodes were implanted in the lateral geniculate nucleus and the marginal gyrus during _ s
an initial surgical procedure performed under pentobarbital anaesthesia. All electrodes r
had an inter-electrode distance of 2-3 ram, and the centre wire tips of the cortical elec- it
trodes were inserted into the underlying white matter in order to obtain transcortical
recordings. Electrodes for use in recording eye movement were passed through the fron-
tal sinus and positioned in the median aspect of each orbit. In some experiments needle
electrodes, for EMG recording, were sewn into the posterior cervical muscles.

Recording sessions started 2-3 days after surgery and usually continued for 3-4
months. During each session, the animal was placed in a light-tight chamber and allowed
complete freedom of movement. Cables passed from the implanted electrodes through
a 24 contact slip-ring to an Offner Type R dynograph. In some cases a Mentor N750
Window Discriminator was used to detect lateral geniculate PGOR_M and these were
counted on a Gerbrands cumulative recorder.

After initial control recordings, the LSD observations were begun. The drug was
obtained from the Centre for studies of Narcotic and Drug Abuse of the National
Institute of Mental Health and was administered intraperitoneally in dosages of 2"5,
10, 25, 50, 100, 200, 400 and 800 /lg/kg. Each dose was tried in at least 5 different
animals and 4 of the 8 cats received all 8 dosages. The spacing between injections
was adjusted to minimize cumulative effects, with the result that a complete dose-re-
sponse study in any one animal usually required several weeks of recording. Following
injection of LSD, the animal's behaviour was observed closely during the acute phase
of drug action (1-3 hr) and continuous EEG recordings were obtained for 10-48 hr.

At the termination of each experiment, an excessive dose of pentobarbital was adminis-
tered and the brain was perfused with formalin. Serial sections of brain tissue, stained
by Well and cresyl violet techniques, were prepared and examined to determine the
position of each electrode.

RESULTS

The cortical EEG, recorded fi'om the mar.qinal .qyrus of the normal animal

Recordings from the marginal gyrus of the alert cat show intervals of "low voltage
fast activity" separated from each other by single or grouped waves of high amplitude
(Fig. IA). These waves, termed PGOw (BROOKSand GI!RSHON,1971), are composed
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of an initial surl_tce positive deflection Iollowed by a surl_ace negative one of longer
duration. Each cortical PGOw bears a rather precise temporal relationship to an accom-
panying eye movement (Brt_oKs, 1968a,b). As long as the animal showed an active
intcrcst in its environment, eye movcmcnts occurrcd at Icast cvcry tow seconds and
the cortical EEG tended to remain of low amplitude in thc intervals between the corre-
sponding PGOw. In comparing Figure i and subsequent record:_ with those of previous
studies it is essential to bear in mind that cortical PGOw are restricted to the marginal
and suprasylvian gyri (BR(X)KS, 1968b) and cannot be detected unless transcorticai elec-
trodes are used (BrooKs, 1967). Thus, comparable records from earlier studies (Fig.
IA of BRAI)LI!Yand ELKI':S,1957; Fig. IA of S'HiRMAN,KNAtlSS, LEHMANNand CLEMENTE,
1965) do not show PGOw, but otherwise closely resemble Figure IA of this study.

When the animals lost interest in the environment and sat or lay quietly with the
head still held up and the eyes opened or closed, in some animals brief periods of
4-8/sec activity appeared between infrequent eye movements and associated PGOw (Fig.
IB). This mixture of PGOw and rhythmic cortical activity is relatively rare in most
cats, and the animal quickly returns to the alert state or passes on to a drowsy one.
This transitional state of repose corresponds closely to the "quiet resting, relaxed state"
of BRADLEYand ELKI','S(1957, Fig. IB) and the "awake-drowsy" state of URSIN (1968).

,- When the animals lay down, rested their head, closed their eyes and assumed a normal
sleeping posture, then eye movement and PGOw no longer occurred and the cortical
EEG resembled that of Figure IC. During this drowsy state, uninterrupted 4-8/sec
activity often dominated the EEG recorded from the marginal gyrus, but both lower
and higher frequencies were often present. Wakefulness ended and "light slow wave
sleep" (URSIN, 1968) began during this period, but it is impossible to specify a precise
point of transition. This state is equiwdent to the "drowsy" one that has been described
in previous studies (BRADI.I!Y and ELKES, 1957" STF,RMANNet al., 1965).
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Fig. 1. Normal cortical E|:-G. A: alert: B: quiet repose; C: drowsy: D: deep slow wave sleep;
E: REM sleep. In this and subsequent cortical recordings, a downward deflection indicates

that the surface has become positive with respect to the underlying white matter,
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As the animal fell more deeply asleep, the cortical EEG gradually changed to a
pattern of high amplitude, low frequency waves (Fig. ID). URSIN (1968) has termed
this "deep slow wave sleep". With the appearance o[ REM sleep, the EEG diminished
in amplitude and PGOR_ appeared (Fig. IE).

The acute c_[fi'ctof small doses (2-5-50 itg/kg) of LSD

The lowest 2 doses of LSD used in this study (2-5 and 10/tg/kg) produced no consis-
tent changes in either animal behaviour or the cortical EEG. When the dose was in-
creased to 20-50/_g/kg, subtle changes in behaviour which started a few minutes after
each injection, become apparent. The animals became alert and attentive. They appeared
more curious than usual about their visual environment and eye movement consistently
increased as they explored their surroundings. Their behaviour was in no way bizarre
or inappropriate. The animals responded normally to petting and it was, if anything,
easier to attract their attention with visual stimuli. Concomitant with these minimal

alterations in behaviour there was an cqually subtle change in the EEG recorded from
the marginal gyrus. Each eye movement was accompanied by a PGO wave, but during
the intervening periods of ocular fixation, 4--8/sec waves of relatively large amplitude
tended to appear (Fig. 2A, B). The frequency of this activity, following equal doses
of LSD, varied slightly from animal to animal (cf. Fig. 2A with Fig. 2E) but for each
animal the appearance of the recording was rather similar to lhat obtained during the
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Fig. 2. Effect of small and moderate doses of LSD upon the cortical EEG. A: 25 Itg/kg: B:
50 _g/kg; C: 100 /lg/kg; D: 200 lLg/kg; E: 25 ,ug/kg. Records A D from the same animal
as Figure I: record E from a second animal. All recordings obtained 15 mi_ after injection

of LSD.
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transition fiom wakefulness to the drowsy stab." (el: Fig. 2A with l"ig. 115). 'i'hc signilicant
point is that lollowing LSD, this 4 8/see activity appeared in animals which were ex-
tremely alert, a situation never observed without drug treatment. The change in the
cortical EEG, like the mild alteration m behaviour, was most obvious 5-10 min after

the injection of LSD, and then slowly diminished, with both behaviour and recordings
appearing normal 90--120 rain later.

The acute effect of moderate doses (IIX) 2(X) #g/kg) of LSD

These doses of LSD caused an accentuation of the behavioural changes which have
already been described. The 48/see activity continued to intrude into the intervals

between PGO waves in the cortical EEG (Fig. 2 C,D). When the animal's chamber
was well illuminated, the frequency of eye movements and PGO waves was quite high,
but in complete darkness, eye movements were commonly lacking and the 4-8/see corti-
cal rhythm appeared uninterrupted and uniform from one minute to the next.

In order to determine whether the PGO waves which appeared after LSD are the
equivalent of PGOw or PGOr_M, the characteristics of the waves were carefully investi-
gated. Three tests serve to distinguish between these simihtr forms of PGO wave activity
(BROOKS and GERSHON, 1971): (1) cortical PGOw are attenuated in amplitude in the
dark whereas cortical PGOrrM are not; (2) lateral geniculate PGOw are either of low

; amplitude or impossible to detect when compared with PGOr_M recorded from the
same electrode; and (3) cortical PGOr_M often contain an initial surlace negative com-
ponent never present in cortical PGOw. Applying each of these tests it is apparent
that the PGO waves which accompany each eye movement during the first 120min
following the rejection of LSD were P(iOw rather than PGOr_M. Thus, the cortical

waves were reduced in amplitude when the animal was placed in the dark (Fig. 3
A,B), the lateral geniculate waves were small and difficult to detect (Fig. 3 C,D) and
the cortical waves never contained an initial surface negative component (compare the
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Fig. 3. Characteristics of PGO wave activity after LSD, 100 #g/kg. A: recording in light and
B: recording in complete darkness from the sannc :mm_;tl (': recording 15 rain after injection

of LSD and D: recording during REM sicH ,corn the same animal.
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cortical readings of Figs. 2 and 3 with that of Fig. I E). Comparable findings were d
obtained throughout the 2"5-800 #g/kg dose range of LSD used in these experiments, e

The acute effect of large doses (400 and 800 lig/kg) oJ"LSD 1

When the dose of LSD was increased to these levels, gross abnormalities in behaviour
became apparent. The attentiveness, observed after lower doses of the drug, was so
excessive that the animals became acutely apprehensive and alarmed. The hind limbs I
often seemed to collapse, or be actively withdrawn, with the result that the forelimbs
were braced to hold the trunk upright. In some cases, the animals were relatively immo- i
bile and an extremity placed in an odd, awkward position remained there for many I
minutes, More commonly, the animals were hyperactive and excitedly explored the cage.
Some hissed at an approaching hand, but rarely attacked it, and they often responded
with a startle to petting. The pupils were maximally dilated, salivation in some cases
was excessive and the animals occasionally showed chewing movements or vomited.

Despite this rather frantic behaviour, the animals did not give the impression of
actively pursuing or attacking "imaginary" visual stimuli. The increased exploratory
activity was accompanied by an increase in eye movement, and each such movement
was associated with a normal PGOw in the cortical EEG (Fig. 4A). If the interval
between eye movements exceeded 1-2 sec, a burst of 4--8/see activity filled this gap
in the cortical EEG (Fig. 4B). In contrast to the situation with lower doses of LSD,
presentation of novel visual stimuli failed to suppress this activity for more than a
few seconds, even though most animals appeared aware of such stimuli and would
follow moving ones. Periods of hyperactivity often alternated with long intervals during
which the animal stared blankly into space. During these stares the eyes remained
open; the animal was immobile and very prominent 4-8/see activity was present in
the cortical EEG. The frequency of 4-8/see activity decreased as the dose of LSD was
increased (Fig. 4 C,D). Many of the abnormalities thai were prominent following large
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Fig. 4. Effect of large dose of LSD upon lhe cortical EEG. A and B: recordings alter 400

/_g/kg LSD: C and D: effect of the dose of LSD upon lhe frequency of 4-8/sec activity. B
and C from sairve animal. A and 13 from two other animals.
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doses of the drug (staring behaviour, motor impairment, pupillary dilitation) were pres-
ent, but less obvious, in some animals following moderate doses.

Reco_ery ./'rom the acute _:ff'ect,_of LSD

The abnormalities in both electrical activity and behaviour which have bccn described,

gradually gave way to a more normal picture after 90 120 min. The rhythmic cortical
EEG was replaced by one of lower frequency and greater irregularity. The animals
assemed a normal restiug posture and showed rehttivcly little interest in their surround-
ings. From a behavioural point of vicw, they appeared to sleep when left undisturbed,
but could always be aroused with moderate sensory stimuli. Despite a return of what
appeared to be normal slow wave sleep, there was a definite delay in the onset of
the first episode of REM sleep. A typical example of recovery is shown in Figure 5.
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l_ig. 5. Effect of LSD upon PGORI Mand REM sleep. Cumulative record is of PGORt:M, recorded
frtml the hUeral geniculate nucleus, and bars denote episodes of REM sleep. A: control recording;
B, C, D,: recording following LSD 2001_g/kg. Time in hr is indicated on x axis and wave

_ count on y axis. Record B begins 1hr 15min after the injection of LSD and numbers show
elapsed time following drug treatment. Arrows show when records of Figurc 6 were obtained.

In this instance, the first period of REM sleep, as judged by changes in the cortical
EEG, the appearance of eye movement and loss of cervical muscle tone, occurred 8 hr
after the injection of LSD (200 #g/kgl. There was an associated suppression of PGOR_M,

with the lirst waves of this type appearing 3"5hr after administration of LSD. This
example is also typical in showing a gradual return of PGOR_u, either singly or in

groups, during the long period of slow wave sleep which precedes the first episode
of REM sleep (Fig. 5; Fig. 6, records 2 and 3). When REM sleep finally returned,
PGORt-M appeared an unusually long time betore the changes in the cortical EEG which
mark the start of the episode (Fig. 6, compare records 4 and 5 with record 1). The

suppression of PGOR_M and REM sleep increased in duration with larger doses of
LSD and the nature of this relationship is shown in Figure 7.

DISCUSSION

The results of the present study directly oppose the hypothesis that this disturbance
in visual function induced by LSD is due to the occurrence of PGORt:M in the alert
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animal. During the acute phasc of the drug's action, there was m_ increase in eye move-
ment, which correlated with the animals' attentive and inquisitive behaviour, and each
eye movement was accompanied by a PGOw in the cortical I:.EG. Thus, "'the possibility

that the hallucinogenic properties of certain psychotropic drugs are related to the
entrance of PGO spike activity into waking" (Sn_RY et al., 1972) must be rejected,
at least with respect to LSD. The PGO waves do occur following treatment with this
drug, but they are the type of wavcs which normally appear in the alert animal, i.e.
PGOw.

If any feature of the cortical EEG bears a relationship to the hallucinogenic activity
of LSD, it is more likely to be the 4 8/_c activity. A very similar pattern has been
described by BRM)LL:Y and Et.KI!s 11957) and the tendency for hallucinogenic drugs
to induce a low frequency, high voltage cortical EEG, often termed hypersynchrony,
has been noted in many other sludics (SP]iCK, 1957: Ap_iv, B_iLLand Dt-yyts, 1962;
FAIR('ItlLi), ALLI';S,.II_NllI!N and MI('KI!Y, 1967: LINI)SIJ_V,(_ARI'I!NTI:R, KILl.AM and K_t,-

[.AM, 1968; Sc()]'r_ D_-;CAROHS, LII'PARINI and LONGO, 1969: FIUIMORI and HIMWICH,

1969; WtNT_':RSand WALLACIt, 1971):FI .()__o,F_ }_!NT_!S,Z_!(;_.lil¢:nnd L()_( ;(). 19721. All h(mgl_
this I!E(; patlcrn has orlon bccn referred 'to as sci/urc aclivily, this lcrm seems inappro-
priate since 4 S/see activity is always suppressed by cyc movement, and. at least briefly,
by novel visual stimuli. The implication in most of these studies is that hallucinatory

drugs induce an abnormal type of cortical electrical activity. It appears more accurate
to state that with low or moderatc doses of LSD. Ihc effect is a shift in the relationship
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"- Fig. 7, I)clay ill rettlrn of PGOI_I M (A) and REM sleep (B) as a function of the dose of LSD.

between the cortical EEG and behaviour. The result is that the 4-8/sec activity, which

normally occurs when the animal is resting quietly and not attending to visual stimuli,
intrudes into the alert state. Since this activity comes to dominate the cortical EEG
at the very moments when the analysis of visual stimuli must be in progress-periods

of ocular fixation between exploratory eye movements in the attentive animal--it is
reasonablc to guess that it may be associated with impaired visual function. The pro-
longed stares, that become more obvious as the dose of LSD is increased, may represent
the behavioural counterpart of this impairment or distortion of visual perception. ScoTrl
l>wCAROLISet al. (1969) and FDORIOet al. (1972) have advanced the belief that a drug's
ability to induce hypersynchrony in the cortical EEG may be an indication that it
possesses hallucinatory action and WINTERS and WALLACH (1970) have based a "theory
of hallucinosis" on similar findings. The result of the present study give some support
to this concept.

In evaluating the signilicance of 4-8/sec activity ill the cat, it may be important

to recognize that in many respects it closely resembles alpha activity in man. Both
are prominent in the visual cortex, both are enhanced when attention to visual stimuli
is minimal and both are suppressed by eye movement. Of equal interest is the close

.... resemblance between 4--8/sec activity and the pattern of post-reinlbrcement synchroniza-
tion recorded from the visual cortex of the cat (MARCZYNSKi, HACKETr, SHERRY and

ALL_N, 1971). Post-reinforcement synchronization normally occurs when a hungry cat
presses a lever to receive a milk reward. The wave activity occurs as the animal consumes
the milk and is present only if the testing cage is illuminated. MARCZYNSKm(1972) has
shown that post-reinforcement synchronization appears when animals are tested in com-
plete darkness following treatment with LSD (25 ltg/kg), and he suggests that the drug
may act by direct stimulation of visual afferent pathways. However, both his data and
the present experiments indicate that the behavioural testing procedure is, to a great
extent, irrelevant in animals treated with LSD, since 4-8/sec activity appears spon-
taneously under these conditions. If 4-8/sec activity and post-reinforcement synchroniza-
tion are equivalent, if is more reasonable to suggest that LSD directly induces an affec-
tive state similar to that which the animal normally experiences during consumption
of a reward.

The results of the present study show that LSD delays the onset of REM sleep,
and that the delay becomes longer as the dose of LSD is increased. It is unlikely
that this finding can be attributed to the excitatory effect of LSD, since REM sleep
does not return until long after the acute effects of the drug are over. This REM-delaying
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action is compatible with the report that LSD decreases the percentage of REM sleep
and that the effect is most prominent during the first hours of sleep following drug
treatment (Hosson, 1964). After the period of excitement, LSD seems to induce a long
interval of slow wave sleep with cortical synchrony. In this respect, the action of the
drug closely resembles that of the serotonin precursor, 5-hydroxytr) r'_,_phan, 5-Hydroxy-
tryptophan(5-HTP) has also been shown to delay the onset of REM sleep OOUVI_T.
1967). Thus, in acting to promote a period of slow wave sleep and to delay the return
of REM sleep, LSD appears to be mimicking prominent effects of serotonin.

Finally, LSD has been shown to delay the appearance of PGOrFm. Viewed in terms
of the serotonergic gating model for the regulation of these waves (BR(X3KSand Gt_.rSHON,
1971), this result is the reverse of what one would predict if the dominant action of
the drug were to inhibit raphc neurones. Jouvl!l (1967) has shown that 5-HTP also
suppresses PGOrt_m for several hours. The most probable explanation of these findings
is that both LSD and 5-HTP exert a postsynaptic inhibitory influence upon the neurones
which act as a pacemaker for PGOrt_m. Such an action would enhance the tonic inhibi-
tory effect exerted on the pacemaker by the serotonergic neurones of the raphe. This
mode of action is consistent with the observations that LSD: (1) may stimulate serotonin
receptors (ANDfN, CORRODI, Fuxu and H(_K.FI.,'LT,1968); (2) rarely antagonizes the inhibi-
tory effects of serotonin (Rom:.RTSand STRAUGHAN,1967; BOAKES,BRADLI!Y, BRIGGS

and Dr^Y, 1970): and (3) often inhibits neurones which serotonin also inhibits (Ti_l_i¢c_s
and DI MARIA, 1972). The hypothesis that LSD suppresses PGOr_m by acting directly
upon the pacemaker for these waves is currently being tested.

Ackm_wledqement._ The author is indebted to Dr. M. D. G_!_sH_N for many hdpful s_ggestions and for
assistance in preparing the drugs used in this study. Ms. LI!sI,II! STI!MPELWaS Of great help in conducting
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