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Touch-evoked Agitation Produced by Spinally
Administered Phospholipid Emulsion and

Liposomes in Rats

Structure-Activity Relation

Aladino M. Yanez, M.D.,*t Mark Wallace, M.D.,T Rodney Ho, Ph.D., Danny Shen, Ph.D.,t Tony L. Yaksh, Ph.D.t

Background: Phospholipid-based liposomes can alter the ki-
netics of spinally administered agents. We have observed that
spinal delivery of these preparations results in an unexpected
touch-evoked agitation, a state in which light touch evokes
vocalization by the rat. In the current study we characterized
this agitated state induced by various liposome preparations.

Methods: Rats prepared with lumbar intrathecal catheters
received a variety of phospholipids delivered spinally as
emulsions or as liposomes. Before and after injection, the an-
imal’s hot-plate latency (52.5°C surface), spontaneous mobil-
ity, and spontaneous and evoked pain behavior were assessed.

Results: Spinal delivery of 1-a-phosphatidylcholine of egg
yolk (1-EPC) and the phospholipase hydrolysis product (lyso-
L-a-phosphatidylcholine [lyso-1-EPC]) produced dose-depen-
dent touch-evoked agitation; the order of potency and rapidity
of onset was lyso-L-EPC > L-EPC, with no difference in activity
whether administered as an emulsion or as a liposome prep-
aration. Examination of the activity of a series of pure phos-
pholipids revealed the ordering of touch-evoked agitation po-
tency (where PC = phosphatidylcholine) to be L-monopal-
mitoyl-PC (lyso product of 1-dipalmitoyl-PC) > r-dipalmitoyl-
PC > 1-distearoyl-PC, L-dioleoyl-PC > 1-dilauroyl-PC > r-di-
myristoyl-PC; p-dipalmitoyl-PC = 0. The effect of unsaturation
on touch-evoked agitation cannot be predicted because di-
oleoyl-PC and dioleoyl phosphatidylglycerol produced touch-
evoked agitation but dipalmitoleoyl-PC did not. Substitution
of glycerol for choline as the head group had no influence on
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touch-evoked agitation. Spinal treatment with an inhibitor of
phospholipase (mepacrine) or a cyclooxygenase (ketorolac)
blocked the touch-evoked agitation of L-EPC but not that of
lyso-L-EPC.

Conclusions: These results emphasize that certain r-isomeric
phospholipids with their gel-transition temperatures near
body temperature can produce prominent touch-evoked agi-
tation after spinal delivery, an effect likely mediated by a
phospholipase hydrolysis product. This touch-evoked agita-
tion, which is consistent with neurotoxicity reported in the
early literature on lysophospholipids, suggests that the choice
of lipids for the formulation of liposomes intended for spinal
drug delivery should be carefully considered. (Key words:
Anesthetic techniques, spinal: liposomes; phospholipids. Pain.)

SEVERAL reports have indicated that intrathecal or epi-
dural administration of liposome-encapsulated
opioids," local anesthetics,” or chemotherapeutic
agents® can increase the duration of drug action and
minimize systemic or supraspinal side effects by slow-
ing or reducing drug redistribution to extraspinal sites.
Liposomes are lipid membrane vesicles that can serve
as a drug carrier or a controlled drug delivery system.
Water-soluble drugs are held within the aqueous in-
terior of the liposomes, whereas water-insoluble drugs
dissolve in or become incorporated into the lipid bi-
layer.” The release rate of an encapsulated drug can be
controlled by manipulating the lipid composition and
the size and structure of the liposomes. Therefore,
liposomes potentially can be used to attenuate peak
drug concentration and to provide sustained drug re-
lease, thereby improving the therapeutic index of the
drug.

Traditionally, natural phospholipids such as rL-a-
phosphatidylcholines (L-a-PCs) with neutral net charge
in physiologic conditions are used to construct lipo-
somes that closely resemble biologic membranes. Li-
posomes made of naturally occurring phospholipids
are generally considered safe for parenteral use. Little
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or no toxicity is observed with doses as large as 1 g of
intravenously administered liposomes containing
phosphatidylcholine (PC) or ph()sphatidylg_:l_\'ccr()l.S 3
A similar lack of toxicity has been reported for other
synthetic 1-a-PCs, such as rL-a-dipalmitoyl and r-a-di-
myristoyl-PC. In contrast, investigations into the tox-
icity of liposomes after administration into the central
nervous system have yielded conflicting results. Adams
et al.” reported that intracerebral administration of 5-
10 mg positively charged liposomes containing a mix-
ture of phosphatidyl choline, stearylamine, and cho-
lesterol (5:1:5) produced epileptic seizures and re-
spiratory failure in mice. However, in a study by Ki-
melberg,” similar liposome preparations injected into
the lateral cerebral ventricles of monkeys and rats, to
24 mg/kg, did not produce obvious toxicity for 60
days. More recently, Firth et al.” reported that lipo-
somes containing phosphatidyl choline and cholesterol
(without stearylamine) did not produce toxicity when
administered intracerebrally to rats.

We have reported the use of neutral liposomes con-
taining L-a-dipalmitoyl-PC as a carrier to modify the
redistribution kinetics of intraspinally delivered al-
fentanil, in an attempt to improve the therapeutic
index of the opioid analgesic agents.' Intracerebral
administration of 10 mg L-a-dipalmitoyl-PC had pre-
viously been reported not to produce any toxicity in
mice.'” However, in the course of studying the spinal
delivery of rL-a-dipalmitoyl-PC liposome-encapsu-
lated alfentanil in rats, we observed unusual behavior
in the control animals receiving non-drug-containing
liposomes. This effect elicited by blank liposomes
appeared as touch-evoked agitation that began 30—
60 min after intrathecal injection.'"' Lyso derivatives
result from the degradation of the liposomes and are
potentially neurotoxic. The previously mentioned
toxicity studies’ ” have focused on the liposomes and
not their parent compound. Lyso compounds deserve
to be evaluated along with the parent compounds for
possible toxicity.

In this study, we characterized the agitation evoked
by phospholipids in the form of emulsions or lipo-
somes. A series of phospholipids with various acyl sub-
stitutes were examined. The results suggest that touch-
evoked agitation may be associated with the production
of lipid metabolites by the action of phospholipases in
the intrathecal space. Moreover, we showed that this
abnormal behavior can be circumvented by using
phospholipids that are less susceptible to breakdown
by lipases.
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Materials and Methods

These studies were carried out according to protocols
approved by the Institutional Animal Care Committee
at the University of California, San Diego, California,
and the Fred Hutchinson Cancer Research Center, Seat-
tle, Washington.

Animal Preparation

Male Sprague-Dawley rats (275-300 g) were housed
individually and maintained on a 12-h day/night cycle
with food and water ad libitum. After 3-5 days, the
rats were prepared with chronic intrathecal catheters.
In brief, during halothane anesthesia, the rat was placed
in a stereotaxic head holder and the cisternal membrane
was exposed by a midline incision. A PE-10 catheter
was then inserted through the cisterna and passed to
the level of the lumbar enlargement (9 c¢m).'” The
wound was closed. After 5 days, rats were used in the
experiments to be described below.

Drugs and Injection

Drugs were prepared in sterile physiologic saline
such that the dose was delivered in a final volume of
10 wul. For injection, this volume was delivered into
the spinal catheter of the nonanesthetized rat by a gear-
driven microinjection syringe. After the injection of
the drug, the catheter was flushed with a further volume
of 10 ul saline to clear the catheter.

The chemical structures and abbreviations of the
phospholipids and the commercial sources and the
forms in which the lipids were delivered are presented
in table 1. All chemicals were reagent grade or better.
The rationale for choosing these lipids was to determine
(1) the role of phase transition properties (determined
by chain length) and (2) the role of the phospholipid
head group charge on the observed behavior.

Agents were delivered as an emulsion or as a liposome
preparation. The emulsion was prepared by mixing the
appropriate mass of lipid with sterile preservative-free
saline. In preparing the liposome, 100 mg of the ap-
propriate lipid in chloroform/methanol (1:1, volume
in volume) were dried under a gentle stream of N, gas
in a sterile glass tube. The dried lipids were desiccated
for 1 h to remove the residual organic solvents. To
each preparation, 1 ml of phosphate-buffered saline
was added and incubated at 55°C water bath for 30
min. The suspensions were vortexed immediately and
subsequently sonicated at 55°C in a bath-type sonicator
until translucent liposome suspensions were obtained.
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Table 1. Summary of Lipid Molecules Delivered Spinally, Their Physical Characteristics, and Injection Form
Fatty Acyl Chain
Degree of

Phospholipid and Derivatives (isomer and name) Abbreviation Length Unsaturation TASC)
L-«-Dilauroyl phosphatidylcholine L-DLPC 12 0 —2
L-a-Dimyristoyl phosphatidylcholine L-DMPC 14 0 23
L-a-Dipalmitoyl phosphatidylcholine L-DPPC 16 0 415
L-a-Dipalmitoleoyl phosphatidylcholine L-DPoPC 16 1 36
L-a-Dipalmitoyl phosphatidylglycerol L-DPPG 16 0 41
L-a-Dioleoyl phosphatidylcholine L-DOPC 18 1 -20
L-a-Dioleoyl phosphatidylglycerol L-DOPG 18 1 —-18
L-a-Disteroyl phosphatidylcholine L-DSPC 18 0 55
L-a-Diarachidoyl phosphatidylcholine L-DAPC 20 0 66
L-a-Egg phosphatidylcholine EPC Mix Mix ==
p-«-Dipalmitoyl phosphatidylcholine p-DPPC 16 0 41

Lyso-derivative of EPC Lyso-L-EPC
Lyso-derivative of L-DPPC-(1-palmitoyl-
2 hydroxy-sn-glycero-3-phosphocholine) Lyso-L.-DPPC

* T.: gel-to-liquid transition temperature 2

These liposome suspensions were flash frozen with
methanol dry ice, then thawed at room temperature,
and warmed to 55°C. This freeze-and-thaw procedure
was repeated three times, and the final incubation at
55°C was for 30 min. The suspensions were then
placed in a 100-ml beaker containing 50 ml 55°C water
and equilibrated to 20°C (room temperature). These
liposomes were diluted with pharmaceutical-grade sa-
line immediately before injection into rats. Peroxida-
tion was checked before liposome preparation, and a
fraction of the liposomes was saved and checked for
lipid degradation after animal administration by using
thin-layer chromatography. In addition, liposomes were
kept at pH 7.4 throughout the preparation. They were
used within 48 h.

Other agents that were injected included the phos-
pholipase inhibitor mepacrine (Sigma, St. Louis, MO)
and the cyclooxygenase inhibitor ketorolac (Syntex,
Palo Alto, CA).

Testing

Five to eight rats were used in each group and all rats
were used only once. Before and after injection, the
animal’s hot-plate response latency, spontaneous mo-
bility and touch-evoked agitation were assessed. Hot-
plate response latency was examined by placing the
animal on a 52.5°C surface. The time between placing
on the surface and the licking of the hind paw was
taken as the response measure. No response within 60
s was taken as a failure to respond and that value was
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assigned as the score. Spontaneous mobility was as-
sessed by noting the time required for the animal to
move once it had been positioned with its forepaws
placed on a horizontal bar 4 cm from the floor. Failure
to move within 20 s was cause to terminate the test
and assign that score. Touch-evoked agitation was
scored as follows: 0 = normal quiescent behavior; 1 =
occasional squeaking, mild agitation induced by light
touch; 2 = significant spontaneous agitation, sponta-
neous squeaking, exaggerated agitation behavior in-
duced by light touch to the flank and thorax. Tests were
carried out before and at 5, 60, 120, and 180 min after
injection. The overall effect was expressed by a cu-
mulative touch-evoked agitation score, equal to the sum
of the scores at the four time points with a maximum
of 8. Behavioral examination was also carried out 24
h after injection.

Statistics

Hot-plate and spontaneous mobility results are ex-
pressed as percentages of the maximum possible ef-
fects. Touch-evoked agitation was expressed as the
number of animals that displayed agitation at each time
point. In addition, for comparison of touch-evoked ag-
itation activity, the serial touch-evoked agitation scores
(0-2) recorded over the interval 0-3 h were summed.
All data is expressed with the standard error of the
mean. All comparisons were made by one-way analysis
of variance. If the analysis of variance indicated sig-
nificant results, intergroup comparisons were carried
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by Fisher’s test for least significant difference. P values
less than 0.05 were considered significant.

Results

Intrathecal Lipid Emulsions

The intrathecal injection of saline did not cause
touch-evoked agitation in any of the animals nor did it
effect their reaction on the hot-plate or mobility test
over the ensuing 3-h interval. In comparison, 10 ul of
a phospholipid emulsion of PC of egg yolk (L-EPC) or
its principle constituent, L-dipalmitoyl-PC (1-DPPC)
had no acute effect on behavior for at least 5 min but
showed a reliable onset of touch-evoked agitation by
60 min (fig. 1). The touch-evoked agitation consisted
of vocalization induced by gently stroking the back of
the animal and a clearly enhanced irritability in re-
sponse to simple handling. Examination of the distri-
bution of sensitivity revealed that tactile stimulation
of the upper body had little effect; however, stroking
of lower dermatomes, particularly along the lower back
and flank revealed a prominent enhancement of the
vocalization and the signs of irritation.

Concurrent with the touch-evoked agitation, there
was a progressive increase in the hot-plate latency (fig.
1). Despite the failure to display licking of the hind
paw, these animals displayed increasing agitation while
on the hot plate.

When placed on the test bar, the treated animals were
alert, sniffed the air, and oriented toward sound with
the head, while remaining poised for extended periods
in front of the horizontal bar. At the doses where touch-
evoked agitation and decreased mobility was observed,
the animals retained normal motor strength as evi-
denced by their ability to ambulate and to stand in front
of the test bar. It is relevant to note that the increased
latency to move from the test bar correlated with the
increased latency to respond on the hot plate (fig. 1).

Although they were not systematically examined, all
animals (except those receiving L-lyso-EPC; see below)
typically showed recovery of spontaneous activity and
hot-plate scores along with a loss of touch-evoked ag-
itation by 24 h. The magnitude of the agitation evoked
by intrathecal lipids was dose dependent over the range
of 100-1,000 mg total dose (fig. 2).

The time to onset of these effects was shortened when
the phospholipase A, product of PC, L-lyso-EPC, was
administered intrathecally. Equal degrees of touch-
evoked agitation were produced by 1,000 mg L-EPC as
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Fig. 1. Time-effect curves for immobility (fop), hot-plate re-
sponse latency (middle), and percentage of animals displaying
touch-evoked agitation (TEA) (bottom) after intrathecal deliv-
ery of L-a-phosphatidylcholine of egg yolk (1-EPC: 1,000 mg),
L-dipalmitidyl phosphatidylcholine (L-DPPC: 1,000 mg), or D-
DPPC (1,000 mg).
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CUMULATIVE TOUCH-EVOKED
AGITATION SCORE

1000ug saline

1000ug 300ug
BC L-DPPC

100ug

Fig. 2. Degree of touch-evoked agitation produced by spinal
delivery of emulsions of L-a-phosphatidylcholine of egg yolk
(L-EPC: 1,000 mg), L-dipalmitoyl phosphatidylcholine (L-DPPC:
1,000 mg), or saline. *P < 0.05 compared with saline.

compared with 300 mg L-lyso-EPC (fig. 3). Irrespective
of dose, L-lyso-EPC (100-1,000 mg) resulted in a clear
sign of touch-evoked agitation within 5 min after the
injection, in contrast to the 60-min delay typically
noted for PC. The time course of touch-evoked agitation
for equi-potent intrathecal doses of L-lyso-EPC (300
mg) and L-EPC (1,000 mg) are presented in figure 3.
No mortality was noted with L-EPC (1,000 mg), but
four of ten rats died within 2 h of the injection of -
lyso-EPC. Deaths were preceded by significant motor
weakness.

The lyso derivatives of pure L-DPPC (1-palmitoyl-2-
hydroxy-sn-glycero-3-phosphocholine, lyso-DPPC, and
lyso-DPPC + palmitic acid), were also examined. As
with the L-lyso-EPC, the lyso derivatives of L-DPPC pro-
duced touch-evoked agitation within 5 min, whereas
the L-DPPC emulsion produced about a 60-min delay
(fig. 4). All of the lyso derivatives produced a dose-
dependent touch-evoked agitation (fig. 5).

Intrathecal Liposomes

The intrathecal injection of liposomes from L-DPPC
resulted in similar signs of touch-evoked agitation as
those prepared as emulsions, over similar lipid dose
ranges (fig. 6). A comparison of the potency of the
emulsion with the liposome fraction of L.-DPPC deliv-
ered spinally, revealed no significant differences.

To investigate the structure-activity relation for the
phospholipid-induced touch-evoked agitation, lipo-
somes constructed from a variety of acyl chains were
injected at a dose of 1,000 mg. The results of these

Anesthesiology, V 82, No 5, May 1995

100 4 IMMOBILITY

=00 1000ug EPC
804 —T— 300ug LysoEPC
- 4
§ 60 -'
40 -
20 A

£7 o
0 T . L

0 30 60 90 120

) =

] 1
150 180

e MO T PLATE

80

60

%MPE

40

20

T — ——r——
0 30 60 90 1120851150 180

e N TER

%MPE

0 T G A Lo ke cestan

T
0 30 60 90 120 150 180

Time (minutes)

Fig. 3. Time-effect curves for immobility (top), hot-plate re-
sponse latency (middle), and percentage of animals displaying
touch-evoked agitation (bottom) after intrathecal delivery of
L-a-phosphatidylcholine (1-a-PC: 1,000 mg) or 1-lysophospho-
tidylcholine (L-lyso-PC: 300 mg).
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Fig. 4. Time course of touch-evoked agitation comparing r-a-
dipalmitoyl phosphatidylcholine (1,000 mg), L-a-lysodipal-
mitoyl phosphatidylcholine (1-lyso-DPPC: molar equivalent to
1,000 mg), and 1-a-lysodipalmitoyl phosphatidylcholine +
palmitic acid (1-lyso-DPPC + PA: molar equivalent of each
component = 1,000 mg r-dipalmitoyl phosphatidylcholine).
*P < 0.05 compared with saline.
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studies are presented in figure 6. Several observations
can be offered as follows:

1. The effects were stereospecific, with the p-DPPC
being inactive at doses comparable to L-DPPC,
whether administered as an emulsion (fig. 1) or as
a liposome.

2. Phospholipids with 12-14-carbon chain length
(dilauroyl-PC [C12] and dimyristoyl-PC [C14]) did
not elicit touch-evoked agitation.

3. The effect of unsaturation on touch-evoked agitation
cannot be predicted as demonstrated by substituting
oleic acid on the fatty acyl chains. Whereas dioleoyl-
PC and dioleoyl phosphatidylglycerol produced
significant touch-evoked agitation, dipalmitoleoyl-
PC did not.

4. Substitution of glycerol for choline had no influence
on the touch-evoked agitation produced by the di-
palmitidyl lipid.

Intrathecal Pretreatment with Mepacrine and

Ketorolac

To investigate the effects of the L-a-PCs on inhibition
of phospholipase and cyclooxygenase activity, animals
were pretreated intrathecally with saline (control), the
phospholipase inhibitor mepacrine (300 mg), or the
cyclooxygenase inhibitor ketorolac (30 mg). Each of
these injections alone had no effect on motor or sensory
behavior. Pretreatment with saline had no effect on the
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Fig. 5. Dose-response relation for the lyso metabolites r-a-ly-
sophosphatidylcholine of egg yolk (1-EPC), r-a-lyso-dipalmi-
toyl phosphatidylcholine (1-lyso-DPPC), and L-a-lysodipalmi-
toyl phosphatidylcholine + palmitic acid (1-lyso-DPPC + PA).
*P < 0.05 compared with saline.

development of touch-evoked agitation after the injec-
tion of L-DPPC and L-EPC (fig. 7). In contrast, pretreat-
ment with mepacrine or ketorolac produced a signifi-
cant reduction in the touch-evoked agitation observed
with L-DPPC or L-EPC. Similar pretreatment, however,
had no effect on the touch-evoked agitation produced
by L-lyso-EPC (fig. 7).

Discussion

Bebavioral Effects
In the current work, we found that intrathecal ad-
ministration of several phospholipids in the form of

CUMULATIVE TOUCH-EVOKED
AGITATION SCORE

SALINE

L-DPoPC (16:1)
L-DOPC (18:1)
L-DOPG (18:1)
L-DLPC (12:0)
L-DMPC (14:0)
D-DPPC (16:0)
L-DPPG (16:0)
L-DPPC (16:0)
L-DSPC (18:0)
L-DAPC (20:0)

Fig. 6. A comparison of the degree of touch-evoked agitation
produced by the spinal delivery of liposomes prepared from
various phospholipids (1,000 mg). *P < 0.05 compared with
saline control.
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Fig. 7. Degree of touch-evoked agitation measured after the
spinal delivery of L-phosphatidylcholine of egg yolk (1-EPC:
1,000 mg), L-lysophosphatidylcholine of egg yolk (1-lyso-EPC:
300 mg), and 1-dipalmitoyl phosphatidylcholine (L-DPPC: 1,000
mg) after pretreatment with saline (control), 300 mg mepa-
crine (M), or 30 mg ketorolac (K). Each bar = mean and SEM
of four to six rats. *P < 0.05 compared with control.
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emulsions or liposomes resulted in the development
of pronounced touch-evoked agitation in the rat. Ex-
amination of the distribution of sensitivity revealed that
tactile stimulation of the upper body had little effect;
however, stroking of lower dermatomes, particularly
along the lower back and flank revealed a prominent
enhancement of the vocalization and signs of irritation.
This suggested a dermatomal distribution of the in-
creased sensitivity to touch that corresponds to the
lumbar distribution of the injectate. Also the rat failed
to display typical spontaneous behavior, as evidenced
by the increased intervals of immobility. This lack of
movement could be distinguished from that of truncal
rigidity (as observed with opiates or major tranquiliz-
ers) by virtue of the orienting behaviors of the animal
and touch-evoked agitation. Although the hot-plate la-
tencies typically were increased, we do not believe the
animals were analgesic because of their pronounced
agitated behavior on the heated surface. It was our per-
ception that the failure to move spontaneously and to
lick the hind paw on the hot plate reflected avoidance
of discomfort evoked by normal limb movements.

It is possible that the observed behavior is allodynia
(pain elicited by a nonpainful stimulus). Increasing
numbers of reports indicate that in certain animal
models, unconditioned low-threshold mechanical
stimulation (as in the current studies) yields behavior
that appears to correspond to a “‘pain state’’ that by
definition is allodynia.’*~'® The characteristics of be-
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havior observed in these earlier models also are ob-
served after the spinal liposomes in our study.

Structure-Activity Relation

Lipids were administered as emulsions and liposomes
because in the case of the emulsions, the lipid may
form a mixture of micelles and imperfect membrane
bilayers, which is an intermediate state before reaching
the thermodynamically stable liposome membrane
structure. With the liposome preparation method, the
mixed micelles were vortexed, freeze-thawed (above
gel-to-liquid phase transition temperature) to accel-
erate the process of reaching the more thermodynam-
ically stable equilibrium state (multilamellar, tightly
packed lipid bilayers). These two preparations differ
in stability to lipase activity with the emulsions being
more susceptible to lipase degradation.

The above touch-evoked agitation was elicited with
equal intensity whether the lipids were administered
as an emulsion or as a liposome preparation (table 2).
The effect does not appear to be related to a direct
action of the L-EPC or the L-DPPC, but rather related
to a metabolic product of L-EPC. Several lines of evi-
dence support this contention. First, the onset of touch-
evoked agitation from the administration of the lyso
product of L-EPC occurred much sooner than for L-EPC,
and the lyso metabolite was about three times more
potent than the parent phospholipid. Second, the ob-
served difference between the L and p forms of DPPC
is consistent with the known stereospecificity of phos-
pholipase A,; that is, b-DPPC is not a substrate for
phospholipase A,'” and was not associated with behav-
ioral touch-evoked agitation after spinal delivery. Third,
touch-evoked agitation was largely abolished after pre-
treatment with a phospholipase inhibitor. These data

Table 2. Comparison of the Allodynic Effects Evoked by the
Spinal Delivery of 1-Dipalmitoyl Phosphatidylcholine
(L-DPPC) or L-Lysodipalmitoyl Phosphatidylcholine
(L-Lyso-DPPC) as Liposomes or as Emulsions

Degree of Allodynia

Emulsions Liposomes
L-Lyso DPPC
1000 ug 80+0 <
100 ug 30+1.6 -
L-DPPC
1000 ng 3.6+ 1.2 3.6 +08
100 ug 1.7+0.7 —
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jointly offer strong support for the finding that the spinal
delivery of phosphotidylcholine can evoke a state of
touch-evoked agitation that depends on the formation
of lyso products of phospholipids.

Analysis of the structure-activity relation revealed that
touch-evoked agitation was elicited by some but not
all of the phospholipids examined. Importantly, aside
from the oleolyl substituted forms, potency of these
phospholipids in inducing touch-evoked agitation after
intrathecal delivery appeared to be closely related to
their phase-transition temperature. A plot of the mag-
nitude of touch-evoked agitation achieved at a fixed
dose of phospholipid versus the phase transition tem-
perature of the lipid revealed a peak around body tem-
peratures (fig. 8).

The susceptibility of these phospholipids to hydro-
lysis by phospholipases is markedly facilitated around
their respective phase transition temperature.'® Phos-
pholipases can be found in the central nervous system
of humans and rats.'” These enzymes can hydrolyze
phospholipids with the liberation of free fatty acids
and the corresponding lyso derivative. In addition, the
central nervous system of the rat also has some capacity
to acylate the lysolecithin®’ to form lecithin.

Mechanisms of Phospholipid-induced Touch-

evoked Agitation

Although the reasoning outlined above suggests that
the touch-evoked agitation observed in the current
study may be mediated by a phospholipase products,
the mechanism underlying the neurobehavioral effects
of these products is not known. The current results are
consistent with an earlier literature that investigated
the effects of several lysophospholipids, most notably
the lyso-PC. When lyso-PC was injected in the periph-
eral nervous system or into the spinal cord, a
demyelination”'~** and subsequent remyelination was
produced. Although many of these effects appeared to
have a delayed onset, at least one study has reported
detectable ultrastructural changes as early as 5 min after
injection.?* Electrophysiologic studies also have indi-
cated that the local delivery of small amounts of lyso-
phospholipids into the dorsal part of the spinal column
produces significant signs of increased electric activity,
axonal cross talk, and mechanical sensitivity of the
dorsal columns, presumably reflecting the underlying
histopathologic changes. Lyso-PCs that form micelles
at a normal temperature are strong detergent. Exposure
of cell membranes to detergent would result in loss of
the stable lipid-proteins units.*’
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CUMULATIVE TOUCH-EVOKED
AGITATION SCORE

M 300ug K 30ug Cont M 300ug K 30ug

Cont M 300ug K 30ug Cont

L-EPC L-LysoEPC L-DPPC

Fig. 8. Magnitude of touch-evoked agitation versus the gel-to-
liquid phase transition temperature for seven phospholipids
injected intrathecally in a fixed concentration of 1,000 mg in
the current studies. The increased touch-evoked agitation ac-
tivity is 22-40°C, indicating that lipids with a gel transition
near body temperature are the most likely to induce touch-
evoked agitation.

Role of Cyclooxygenase Products

In the current study, ketorolac, a cyclooxygenase in-
hibitor, was able to attenuate the touch-evoked agita-
tion produced by the L-EPC and the L-DPPC, but not
the 1-lyso-EPC. These observations were unanticipated.
If the interaction of the L-EPC or L.-DPPC was uniquely
mediated through the formation of the lyso derivative,
cyclooxygenase inhibitor should have blocked the ef-
fects of the lyso product. There are no data indicating
that ketorolac has an inhibitory effect on phospholipase
activity. Thus, it is possible that multiple mechanisms
mediate the actions of L-EPC or L.-DPPC. The first would
be the formation of a lyso derivative that has potent
membrane effects, and the second is that its interaction
may lead to the formation of cyclooxygenase products
that induce touch-evoked agitation. Current data
strongly emphasizes that cyclooxygenase products in
the spinal canal may be released by the presence of
phospholipids or its lipolytic products. These products
can facilitate release of C-fiber neurotransmitters in the
dorsal horn, resulting in pain behavior in a rat model.
It has been shown that this cyclooxygenase-induced
pain can be suppressed by the spinal administration of
cyclooxygenase inhibitors.**?” Given the lack of acute
pain behavior evoked by the local injection of L-EPC
or L-DPPC, it seems unlikely that these agents are in
fact inducing a direct activation of afferent input.
Moreover, the spinal delivery of several prostanoids,
such prostaglandin E,, prostaglandin F,,, or prosta-
glandin D, results in dose-dependent hyperalgesia or
pain behavior*®*° similar to those observed in these
studies. A third mechanism that may mediate the actions
of L-EPC or L-DPPC is temporary damage (from lyso-
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PC) to the membranes of spinal cells. In this case, cy-
clooxygenase inhibitors may not reverse the effects. In
addition, the tissue may repair the damaged membrane
by intracellular acylation of lysolecithin,*” for which
the cells of the central nervous system are capable of
performing. In fact, this idea is consistent with the re-

© versal of the touch-evoked agitation 24-48 h after the

administration of the lipids.

Previous Indexes of Liposome Toxicity

Previous studies have investigated the pathologic ef-
fects of liposomes administered intracerebroventricu-
larly and intrathecally. The majority of these studies
have reported the use of a liposome preparation using
phosphotidylcholines derived from egg yoke or pure,
synthetic L-DPPC. After intracerebroventricular’ '’ or
spinal delivery,' no behavioral pathologic change has
been reported with L-a-PC liposomes in doses similar
to those used here. Several reasons may be offered for
the discrepant reports of effects on behavior. First, the
touch-evoked agitation may have been suppressed by
the injected medication. Thus we have observed that
opiates,'' phospholipase inhibitors (current study),
and nonsteroidal antiinflammatory agents (current
study) can mask the symptoms of touch-evoked agita-
tion. Second, the observed effects occur in about 60
min and then disappeared within 24 h. Accordingly,
the failure of previous workers to observe these clear
behavioral effects may relate to the acuity of their ex-
periments. Whether the behavioral effects observed in
the current studies are correlated with the histopath-
ologic features that have been reported for lysophos-
pholipids remains to be seen. Nevertheless, it seems
certain that the direct exposure of spinal cord to sur-
prisingly low concentrations of these phospholipids
can induce observable behavioral changes in relatively
short intervals (30 min). Histopathologic data have not
yet been collected in the current animal model, but
these may include, for instance, histopathologic find-
ings in the spinal cord after spinal administration of
liposomes.

In summary, it appears likely that a hydrolytic product
of an r-isomer phospholipid can evoke significant
touch-evoked agitation after spinal delivery. These ob-
servations are in accord with the early literature that
points to potential tissue toxicity and aberrant neural
activity after spinal delivery of lyso metabolites of
phospholipids. The observed relation of phospholipase
activity and the gel-to-liquid transition temperature of
the phospholipids as structural determinants of allo-
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dynic effects should guide the future design of lipo-
some-mediated drug delivery systems to the central
nervous system for human use. The use of spinal li-
posome preparations containing phospholipids should
be considered cautiously, with due attention to the po-
tential for neurotoxicities. We acknowledge that this
is a behavioral study, and that to determine whether a
true toxicity exists, histopathologic studies are needed.
Therefore, this investigation indicates the need for tox-
icity studies on the intraspinal administration of lipo-
somes.
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