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Neurotoxicity of calcineurin inhibitors:
impact and clinical management

Abstract Between 10 %-28 % of
patients who receive the immuno-
suppressant cyclosporine (CsA) ex-
perience some form of neurotoxic
adverse event. Both sensorial mo-
toric functions may be adversely af-
fected, and thus patients present
with a wide range of neurological
and psychiatrical disorders. Mild
symptoms are common and include
tremor, neuralgia, and peripheral
neuropathy. Severe symptoms affect
up to 5% of patients and include
psychoses, hallucinations, blindness,
seizures, cerebellar ataxia, motoric
weakness, or leukoencephalopathy.
Tacrolimus is associated with similar
neurotoxic adverse events. Neuro-
toxicity may result in serious com-
plications for some patients, partic-
ularly recipients of orthotopic liver
transplants. Factors that may pro-
mote the development of serious
complications include advanced liv-
er failure, hypertension, hypocho-
lesterolemia, elevated CsA or ta-
crolimus blood levels, hypo-
magnesemia, and methylprednisolo-
ne. Occipital white matter appears
to be uniquely susceptible to the
neurotoxic effects of CsA; injury to

Introduction

Many -immunosuppressive drugs, including cortico-
steroids, methotrexate; OKT3 monoclonal antibody, an-
tithymocyte globulin (ATG), and cyclosporine (CsA)
are associated with, among other toxicities, neurotoxic

both the major and minor vascula-
ture may cause hypoperfusion or is-
chemia and local secondary toxicity
in the white matter. Calcineurin in-
hibition by CsA and tacrolimus al-
ters sympathetic outflow, which may
play a role in the mediation of neu-
rotoxic and hypertensive adverse
events. The symptoms of CsA- and
tacrolimus-associated neurotoxicity
may be reversed in most patients by
substantially reducing the dosage of
immunosuppressant or discontinu-
ing these drugs. However, some pa-
tients have experienced permanent
or even fatal neurological damage
even after dose reduction or discon-
tinuation. CsA-sparing and tacroli-
mus-sparing drug regimens that use
the immunosuppressant mycophe-
nolate mofetil, which has no neuro-
toxic effects, may reduce the inci-
dence and severity of neurotoxic
adverse events while maintaining an
adequate level of immunoisuppres-
sion.
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adverse events [91] Causality assessment can be particu-

larly difficult in the setting of organ transplantation

since neurological complications may also be related to
the pre-transplant status of the recipient, the type of or-
gan transplant performed and postoperative complica-
tions related to the type of transplant. Moreover, causal-
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ity assessment of drug-related neurotoxicity may be-
come more difficult because of the tendency to use
“cocktail-regimens” consisting of several agents. Under
these circumstances, not only may there be additive ef-
fects of several drugs but pharmakokinetics of individu-
al drugs may be substantially influenced, especially
when new investigational agents are introduced in a trial
setting. This review will focus on neurotoxic adverse
events associated with the xenobiotic immunosuppres-
sants CsA and tacrolimus.

Neurotoxicity associated with CsA and tacrolimus is
a less common adverse effect than either their associat-
ed nephrotoxicity or hypertension, and thus is less well-
known and less well-understood. However, it can result
in serious complications for some patients, particularly
recipients of orthotopic liver transplants (OLT). [13,
26, 59, 91, 94] Before a diagnosis of immunosuppres-
sant-induced neurotoxicity can be made, a number of
other possibilities must be excluded. Major psychiatric
disturbances, identical to those also associated with im-
munosuppressant-induced neurotoxicity, are often pre-
sent in patients who have undergone non-transplant-re-
lated major surgery and are therefore not receiving im-
munosuppressants.

These disturbances gradually resolve as the patient’s
metabolical and physical conditions improve. Further-
more, peripheral and autonomic neuropathy are com-
monly encountered conditions and may produce symp-
toms resembling neurotoxicity in diabetic patients who
have received transplants. Peripheral neuropathy in
these patients may be a consequence of their diabetes,
but it may also be a symptom of drug-induced neurotox-
icity. Finally, candidates for OLT may already have neu-
ral deficits because of the metabolic consequences of
their hepatic failure. Objective measurements of neuro-
toxicities are not easily applicable in the immediate
postoperative clinical environment, and thus the inci-
dence of neurotoxicity is probably underestimated.

Overview of CsA-Associated neurotoxicity

Estimates of the overall frequency of CsA-related neu-
rotoxic effects in transplant recipients vary from
10%-28 % [26, 27, 91). Both sensorial and motoric func-
tions may be adversely affected in patients receiving
CsA, [26, 59] and patients may also experience neuro-
psychiatric disorders.

Careful questioning of the patient is often required to
identify neuropsychiatrical disorders and they may not
be noted if a thorough examination is not performed.
Consequently, patients may present with a wide range
of mild to severe neurological and psychiatrical disor-
ders. Clinical symptoms may include tremor, somno-
lence, mental status changes, peripheral neuropathy,
cerebellar symptoms, Parkinson’s syndrome, visual dis-

Table 1 Severity grading of CsA-associated neurotoxicities

Mild Moderate Severe

Mental status Visual disturbances Altered level of con-

changes sciousness

Tremor Cortical blindness Confusion

Headache Psychosis

Neuralgia Seizures
Leukoencephalopa-
thy

Peripheral neuro- Coma

pathy

turbances, cortical blindness, seizures, and coma (Ta-
ble 1) [19, 26, 30, 70]. The mildly neurotoxic effects of
CsA, eg, headache, tremor, neuralgia, and peripheral
neuropathy, are common. Unfortunately, as many as
5% of patients may develop a more severe syndrome
characterized by an altered level of consciousness, con-
fusion, psychosis, visual and auditory hallucinations,
blindness, seizures, cerebellar ataxia, motoric weakness,
or leukoencephalopathy [1, 12, 19, 35, 54, 70, 91, 94]. Pa-
tients may have been receiving CsA therapy for several
months, or even years, before the neurotoxic complica-
tions of CsA first develop [9, 38, 92, 94].

Between 20%-39 % of patients who develop CsA-
related neurotoxicity experience tremor, making this
the most commonly noted neurologic finding. [91]. In
kidney and bone marrow transplant (BMT) recipients,
the incidence of tremor is 21 % and 16 %, respectively
[91]. Tremor is not particularly distressing for most pa-
tients and tends to diminish with time. Paresthesia, es-
pecially of the hands, is another common subjective
complaint and is experienced by approximately 11 % of
patients [91].

Visual hallucinations are less frequently reported
than tremor [91]. Cortical blindness is an extremely
rare complication [23, 27, 35, 83], the diagnosis of which
is made based on exclusion, because multiple factors
may produce blindness. Blindness has been reversed in
most patients after dose reduction or discontinuation of
CsA. However, one patient (a recipient of a kidney-pan-
creas transplant) developed sudden, complete, and per-
manent blindness within 36 h after administration of in-
travenous CsA. The onset of blindness in this patient co-
incided with a sudden elevation of CsA blood levels
[27]. All graft recipients are at risk of developing sei-
zures because of posttransplantation infection, metabol-
ic derangement, and the occurrence of acute graft rejec-
tion along with its concomitant hypertension and fluid
overload [91]. The incidence of seizures in kidney and
BMT recipients has been reported at 1.5% and 5.5%,
respectively [91]. Thus, CsA should be considered a pos-
sible causative or contributory factor if a patient devel-
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ops seizures in the absence of any other obvious predis-
posing cause.

Published case reports have shown that individual
patients, or a limited number of patients, have devel-
oped rare and severe neurotoxicity after treatment
with CsA. One cardiac transplant recipient became
paraplegic in the early postoperative period with con-
comitant sensory loss of the lower extremities distally
[84]. The syndrome fully subsided 5 weeks later, after
dose reduction. The symmetric polyneuropathy experi-
enced by this patient was thought to be caused by axonal
degeneration of the peripheral nerves. Another patient
with idiopathic uveitis developed acute encephalopathy
2 weeks after beginning a combination regimen of CsA
and methylprednisolone [58]. One OLT recipient devel-
oped a rapidly progressing irreversible neurotoxic syn-
drome with brain, kidney, and lung involvement that re-
sembled thrombotic thrombocytopenia purpura (TTP)
[6], while another developed late-occurring severe neu-
rotoxicity including leukoencephalopathy [9].

The cerebellum appears to have been affected in a
limited number of patients with CsA-associated neuro-
toxicity. Three patients with tremor, ataxia, confusion,
amnesia, hyporeflexia, and weakness have been de-
scribed; these symptoms resolved after CsA was discon-
tinued [5]. Two patients were reported to have devel-
oped ataxia, weakness, and dysarthria followed by sei-
zures and coma [90]. A single patient with cerebellar
edema and secondary brainstem compression requiring
decompressive craniotomy has been described [63].

Probably the best data available on neurotoxicity in
renal transplant patients were obtained by the Canadian
Neoral Renal Study Group [16]. A total of 1097 patients
were entered into a randomized trial, 356 continued
treatment with a conventional formulation of cyclospo-
rin (CsA), while 737 were randomized to receive Neoral
(CsA-ME), the microemulsion form of cyclosporine
with increased bioavailability. During the first month of
treatment, a significantly higher proportion of CsA-
ME patients experienced neurological complications
such as tremor, paresthesia, flushing, and headache,
compared to CsA patients (21.7% vs 15.2%, P < 0.05).

However, this seemed to be transient. At 18 months
no significant differences with regard to the incidence
of neurological adverse events were observed. The inci-
dences of specific adverse events for the respective
groups CsA-ME vs CsA were headache: 19% vs
17.4%, paresthesia 4.9% vs 3.7% and tremor 2.7 % vs
2.0% [16]. Nevertheless, one may cautiously interpret
these data in the way that improved bioavailability of
cyclosporine is accompanied by a tendency, albeit it not
significant of increased neurological adverse events.

In a European multicenter trial, 448 renal transplant
recipients were randomized to receive either CsA-based
immunosuppression (n = 145) or tacrolimus-based im-
munosupprcssion (n = 303) [52]. Both groups received

azathioprine and prednisolone in addition to the calci-
neurin inhibitors. A siginificantly increased incidence
of tremor was noted in Tacrolimus-treated patients
compared to CsA-treated patients (34.7% vs 11.7%,
P < 0.001), while the incidences of insomnia (23.8% vs
26.2%) and headache (20.5% vs 13.8%) were not sig-
nificantly different [52]. No serious neurological ad-
verse events were observed.

Similarly, in a US trial, a total of 412 patients after re-
nal transplantation were randomized to receive either
tacrolimus-based immunosuppression (n=205) or
CsA-based immunosuppression [67]. In this trial also,
tremor was significantly more often recorded in tacroli-
mus vs Cs-treated patients (54.1% vs 33.8%,
P <0.001) while the incidences of other neurological
complications were not significantly different between
treatment groups. In declining order of frequency, the
following complications were noted (tacrolimus vs
CsA): headache (43.9% vs 37.7%), insomnia (32.2%
vs 29.5%), paresthesia (23.4% vs 15.5%), dizziness
(19.0% vs 155%), anxiety (14.1% vs 82%) [67].
Again, no serious neurological adverse events were ob-
served. Cortical blindness has been described in a pa-
tient following kidney transplantation [83], however
this seems to be extremely rare after kidney transplanta-
tion.

Estimates of the incidence of neurotoxicity in bone
marrow transplant (BMT) recipients receiving CsA
range from as low as 4.2% [70] to as high as 28.8%
[26]. The lower estimate was based on a retrospective
review of 239 patients who received CsA-based prophy-
lactic regimens. In that study, 10/239 (4.2 %) of patients
experienced neurologic complications [70]. The higher
estimate is based on the retrospective analysis of 625 pa-
tients with thalassemia who received CsA during pro-
phylactic therapy to prevent graft-versus-host disease
(GVHD) [26]. In that group, the overall incidence of
neurotoxicity was 28.8% and the incidence of convul-
sions was 10.1 %. In both studies, all neurological find-
ings were reversible after temporary discontinuation of
CsA. Specific symptoms of neurotoxicity in BMT recip-
ients may include mental status changes, tremor, head-
ache, severe visual disturbances, and cortical blindness
[26, 70]. Eye movement abnormalities have been seen
in some BMT recipients treated with CsA and ganciclo-
vir [64]. One BMT recipient developed an ocular flutter
51 days after allogeneic BMT transplantation for acute
myeloid leukernia [4]. Clinical symptoms resolved with-
in 3 weeks of discontinuation of CsA; however, distur-
bances of motoric control appear to have persisted for
more than 8 months because during that time the pa-
tient’s electrooculogram was slightly abnormal.

One transplant center has reported that four recipi-
ents of heart transplants experienced serious CsA-asso-
ciated neurotoxicity, including the following symptoms:
coma, cerebral hemorrhage, hemiparesis and dysphasia,
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confusion, and visual hallucinations [89]. Again, neuro-
logical effects were eliminated in most patients after dis-
continuation of CsA or a reduction in the dose. CsA-
neurotoxicity in heart transplant recipients may cause a
relative long-term decline in cognitive brain function
[38]. Impaired brain function (measured objectively by
cognitive P300 evoked potentials) was recorded in
55 heart transplant recipients compared with 55 age-
and sex-matched healthy control subjects (359 ms at
vertex vs 345 ms at vertex, respectively; P < 0.01). By
4 months posttransplantation, P300 measurements had
normalized in these patients; however, they again de-
clined at 12 months. The same patient group also scored
abnormally in the psychometric Trail Making Test A
(45 s data vs 31 s, P < 0.01) [38].

Neurotoxicity is a serious complication for all recipi-
ents of OLT [59] and may be induced by various postop-
erative events, including metabolic and circulatory dis-
orders or graft rejection, or it maybe caused by immuno-
suppressant toxicity [13, 19, 20, 59]. Recipients of OLT
experience the highest incidence of CsA-associated
neurotoxicity; estimated at between 25% [1] and 32%
[39] and is thus a significant cause of morbidity and mor-
tality in this group of patients. The clinical symptoms of
CsA-neurotoxicity vary greatly in OLT recipients. Neu-
rotoxicity may begin either insidiously with confusion
or abruptly with seizures [13]. The most frequent neuro-
toxic complications in OLT recipients are mental status
changes (ranging from delirium to coma) and seizures
[39]. Epileptic seizures, hemiparesis, dysphasia, deliri-
um, and organic brain syndromes have been observed
in 6 %—47 % of OLT recipients receiving CsA-based (or
tacrolimus) immunosuppression [59]. Again, most OLT
recipients quickly improve after discontinuation of
CsA [19]; however, symptoms do not reverse in all pa-
tients. Three patients developed a severe form of CsA-
toxicity with leukoencephalopathy [1]. One of these pa-
tients died 8 months after the onset of symptoms. Post-
mortem examination revealed cerebellar hemorrhage
and progressive multifocal leukopencephalopathy.

Overview of tacrolismus-associated neurotoxicity

Many symptoms of tacrolimus-induced neurotoxicity
are similar to those of CsA-induced neurotoxicity. [24,
94]. Symptoms of mild neurotoxicity include tremor, in-
somnia, nightmares, headache, vertigo, dysesthesia,
photophobia, or mood disturbance. Symptoms of severe
neurotoxicity include akinetic mutism, seizures, cortical
blindness, focal deficits, psychosis, or encephalopathy
[24].

The overall frequency of some neurological symp-
toms is greater in patients receiving tacrolimus com-
pared with those receiving CsA; eg, headaches, tremor,
and sleep disorders are observed more frequently with

tacrolimus [31]. Moderate to severe neurotoxicity (in-
cluding cortical blindness, tremor, seizures, and enceph-
alopathy) has been reported in 21 %-32% of patients
[59, 94]. The frequency of neurological disturbances in
transplantation patients receiving tacrolimus was deter-
mined in a retrospective study [24]. Symptoms ranged
from a mild tremulousness (the most common finding)
to major disturbances of neurological function (identi-
fied in 54% of patients). In many patients, clinical
symptoms were related to high plasma concentrations
of tacrolimus. Although other studies have not demon-
strated a clear relation between the level of tacrolimus
and the development of neurotoxicity, reducing the
dose of tacrolimus or discontinuing the drug usually
leads to a regression of symptoms [94].

Compared with patients receiving CsA, the incidence
of moderate or severe neurofoxicity is markedly higher
in OLT recipients receiving tacrolimus in the early post-
operative period (11.7% vs 21.3%, respectively) [59].
Table 2 summarizes the specific neurotoxic symptoms
experienced by OLT recipients who received tacroli-
mus. These patients required additional medications to
treat their neurotoxic symptoms. Current doses of ta-
crolimus are routinely lower than those used in this
study; thus, neurotoxic side effects are less common.
However, patients may still experience underlying psy-
chiatric disturbances that may not be diagnosed without
careful testing.

Compared with OLT recipients, recipients of heart
and lung transplants appear to be less susceptible to the
neurotoxic effects of tacrolimus; as few as 3.6 % of pati-
ents in these groups develop neurologic dysfunction [24].

Compared with adult kidney transplant recipients,
severe tacrolimus-associated neurotoxicity may occur
relatively infrequently in pediatric recipients, with an in-
cidence of 7% (1 of 14 patients) [62]. However, this pe-
diatric population developed mild neurological com-
plaints frequently; the most common symptoms were
myalgias (7/14; 50 %); tremors (7/14; 50% ), and fatigue
(5/14; 38 %). In contrast, a multicenter trial conducted
in the United States showed that there were no signifi-
cant differences in the overall incidence of neurologic
events in pediatric OLT recipients treated with either
CsA (21 patients) or tacrolimus (30 patients) [53]. How-
ever, only pediatric patients who received tacrolimus ex-
perienced major neurologic events. Specifically, one pa-
tient became comatose, two patients experienced en-
cephalopathy, and four patients had convulsions while
receiving tacrolimus. Minor neurologic events (head-
aches, insomnia, neuropathy, and tremor) occurred in
both groups. Tacrolimus-treated patients also tended to
have more insomnia (10% vs 5% for tremor), whereas
CsA-treated patients had more neuropathy (20% vs
10%). Lastly, only patients who received tacrolimus ex-
perienced decreased coordination (1/30 patients) and
parasthesia (2/30) [53]. Rare but severe neurotoxicities
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Table 2 Early postoperative neurotoxicity in OLT-reciplents treated with tacrolimus®

Patient®  Days postoperative Neurological Tacrolimus-dose Additional Outcome
onset (D) — Duration symptoms reduction or with treatment
of symptoms drawal
199 D4-persisting OBS¢ (severe), dys- Withdrawal, Diazepam, Partial recovery,
phasia, hemiparesis switched to CsAd haloperidol died13 months post
LTX-violent death
196 1. D 144 months 1. OBS (severe)2. 1. Reduction 1. Haloperidol- Near-complete recov-
Dexa methasone, ery
neurosurgery
2.D4/5-6 months Intracranial hemor- 2. Switched
rhage, hemiparesis, to CsAd
dysphasia, frontal
lobe syndrome, akine-
tic mutism
175 D4-2 months OBS (moderate), Withdrawal, Diazepam, Complete recovery
seizures, dysphasia, switched to CsA* phenytoin
dysarthria
195 D1-3 weeks OBS (severe) Withdrawal, None Complete recovery
switched to CSAY (died 5 months post
LTX after HBV recur-
rence)
174 D2-6 weeks OBS (severe) Withdrawal, Haloperidol, Complete recovery
Parkinson syndrome, switched to CsA¢ diazepam, levo-
cerebellar syndrome promazine
125 D2-2 weeks OBS (moderate) Reduction Haloperidol Complete recovery
230 D5-5 months OBS (moderate), Reduction Haloperidol, Resolving hemiparesis,
frontal lobe syn- rivotril near complete recovery
drome, hemiparesis
131 D2-3 weeks OBS (moderate) Reduction Haloperidol Complete recovery
190 D4-2 weeks OBS (moderate), Withdrawal®; very None Complete recovery
myocloni, hyper- low dose from D10
reflexia
111 D3-2 weeks OBS (moderate) Reduction Haloperidol Complete recovery
219 D7-3 weeks OBS (moderate) Reduction None Complete recovery
120 D3-2 weeks OBS (moderate) Unchanged None Complete recovery
192 D1-1 weeks OBS (moderate), Reduction Haloperidol Complete recovery

burning feet, hands, face

2 [Adapted from Mueller et al, 1994, Table 2 on page 157] ®Patients
were randomly assigned to tacrolimus-based immunosuppression.
Early posttransplantation, they developed neurological symptoms
of moderate to severe neurotoxicity; patients are listed in decreas-

have also been described in tacrolimus-treated patients.
Three patients developed a severe sensorimotor neur-
opathy shortly after administration of tacrolimus [95].
With the exception of marked sensory symptoms, the
clinical picture in these patients resembled chronic in-
flammatory demyelinating polyradiculoneuropathy.
Electrophysiological studies revealed primarily demy-
elinating neuropathies. One OLT recipient developed
sudden-onset, fatal neurological complications
5 months after she underwent transplantation and treat-
ment with tacrolimus [68]. Postmortem examination re-
vealed multiple vasculitic lesions thought to be the re-
sult of a tacrolimus-mediated toxic effect on the cere-

ing order of symptom severity ¢ OBS, organic brain syndrome. The
first 8 patients listed also had abnormal EEGs. Switched to CsA
due to neurotoxicity® Tacrolimus withdrawal due to nephrotoxicity
on D1-3 and D8, D9

bral vessels and consistent with the sudden onset of
symptoms. Posterior leukoencephalopathy has been de-
scribed in two OLT recipients receiving tacrolimus;
symptoms in both patients were reversed after tacroli-
mus was discontinued [60]. Lastly, OLT recipients have
developed peripheral neurotoxicity with the character-
istic features of motoric axonal neuropathy [7].

Pathophysiology of neurotoxicity

The cellular basis for the neurotoxicity associated with
either CsA or tacrolimus has not been conclusively



318

identified. CT findings from patients with CsA-associat-
ed neurotoxicity are similar to those described for pa-
tients receiving tacrolimus; both drugs may mediate
neurotoxicity via a common mechanism [33]. Both CsA
and tacrolimus mediate their immunosuppressive ef-
fects via inhibition of calcineurin [14, 75] and, thus, it is
possible that some or all of their adverse effects (neph-
rotoxicity and hypertension, as well as neurotoxicity)
are also mediated via calcineurin inhibition [73].

Calcineurin accounts for > 1% of total protein in the
brain, and the intracellular binding proteins for both
CsA and tacrolimus (the immunophilins cyclophilin
and FKBP-12, respectively) [14] are enriched in the
central and peripheral nervous systems [50,73]. In the
spinal cord, the distribution of protein and/or messen-
ger RNA for FKBP-12, cyclophilin, and calcineurin ap-
pears to be heterogeneous and the majority of localiza-
tions neuronal [18]. In most brain regions, there is a
striking colocalization of FKBP-12 and calcineurin, as
well as between cyclophilin and calcineurin. However,
cyclophilin is enriched in some brain areas that lack cal-
cineurin. These findings suggest that, within the brain,
the function of the inummophilins and calcineurin are
related.

Alteration of sympathetic outflow

Inhibition of calcineurin by CsA and tacrolimus alters
sympathetic outflow during CsA-mediated hyperten-
sion (a frequently occurring CsA-associated adverse
event) [50, 73]. It is reasonable to suggest that further
consequences of calcineurin inhibition may mediate
the neurotoxic effects of both CsA and tacrolimus. Ani-
mal models have shown that only immunosuppressive
drugs that inhibit calcineurin mediate sympathetic acti-
vation [50, 73]. In a rat model, elevations of blood pres-
sure was accompanied by higher sympathetic nerve ac-
tivity after treatment with CsA and tacrolimus, but not
rapamycin. Rapamycin, like tacrolimus, binds to
FKBP-12, but the rapamycin-FKBP-12 complex does
not inhibit calcineurin. [14, 73]. Although the site of
CsA’s excitatory action in the sympathetic nervous sys-
tem has not been precisely identified, it is likely that
both the central neural and peripheral reflex mecha-
nisms are involved [50]. Clinical studies also implicate
the involvement of sympathetic activation in CsA-
induced hypertension. [74, 76]; eg, elevated levels of
muscle sympathetic nerve activity also have been re-
ported in patients receiving CsA after combined heart-
lung transplantation [76].

CsA and tacrolimus may modulate the activity of
both excitatory (N-methyl-D-aspartic acid [NMDA])
and inhibitory (y-aminobutyric acid [GABA]) amino
acid receptors via calcineurin. Calcineurin may modu-
late glutamatergic neurotransmission via both pre- and

postsynaptic sites of action [73]. Studies with dissociated
rat hippocampal neurons have shown that the CsA-
cyclophilin complex interferes with GABA-mediated
responses, suggesting that calcineurin may regulate de-
sensitization of GABA receptors [51].

Tacrolimus has been shown to elicit inhibition of
NMD A -induced neurotransmitter release and augmen-
tation of depolarization-induced neurotransmitter re-
lease; both events are mediated via alteration of the
phosphorylation state of calcineurin substrates [36].
Both CsA and tacrolimus can affect synaptic activity in
the rat hippocampus; both drugs inhibit NMDA recep-
tor mediated potentials but have no effect on depotenti-
ation [48]. Interestingly, tacrolimus also inhibits the in-
duction of long-term potentiation, which is widely ac-
cepted as being involved with memory acquisition.

Considerable evidence suggests that changes in the
phosphorylation states of neuronal proteins are corre-
lated with learning [10]. The peptidyl-prolyl-cis/trans-
isomerase (PPIase) activity of a cyclophilin appears to
be a requirement for successful memory formation in
chicks [10].

Therefore, inhibiting various protein kinases may
disrupt memory formation. When administered intra-
cranially to day-old chicks, CsA disrupts memory for-
mation assessed in a single-trial passive avoidance task
[11]. A role for cyclophilin in memory is supported by
the evidence that protein biosynthesis, which involves
protein folding, is essential for long-term memory in
many species [17].

Of recent interest is the finding that the mammalian
retina contains cyclophilins. The main function of these
novel cyclophilins (which have reduced PPlase and
CsA-binding activities compared with other known cy-
clophilins) appears to be facilitation of protein folding
or intracellular transport of opsins. [28, 29] These obser-
vations suggest new directions of investigation of the
role of cyclophilins in CsA-induced cortical blindness.

Novel mechanisms

Recent in-vitro experiments have suggested novel
mechanisms to explain the neurotoxic effects of CsA
and tacrolimus; eg, selective toxicity of glial cells [82]
and induction of apoptosis of oligodendrocytes [54]. In-
vitro toxicity studies have shown that CsA is selectively
toxic for glial cells in culture [82]. After being cultured
with CsA, glial cells developed intracytoplasmic inclu-
sions that were identified as lysosomes containing neu-
tral lipids, whereas control cultures remained unaffect-
ed. The temporal development and severity of these
changes was correlated with the length of exposure to
CsA. Tt is particularly interesting that this selective tox-
icity correlates with the typical reversible changes with-
in the white matter revealed by computed tomography
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(CT) scans and cranial magnetic resonance imaging
(MRI).

CsA may cause neurotoxicity by inducing apoptosis
of oligodendrocytes and neurons [54]. In mixed cultures
of mouse neuron and glial cells, CsA caused neuronal
death characteristic of apoptosis. Oligodendrocytes,
with the highest concentration of calcineurin, were the
most sensitive to CsA-induced apoptosis, whereas astro-
cytes, which have little calcineurin, were relatively resis-
tant. Although exciting, it is not known to what extent
these data reflect the clinical syndrome of CsA- and ta-
crolimus-induced neurotoxicity.

In-vitro studies have also raised some concern about
potential neurotoxicity of rapamycin and have prompt-
ed the suggestion that special attention should be paid
to the neurological side effects of this drug. The toxic ef-
fects of rapamycin on astrocyte metabolism are equiva-
lent to those of CsA and tacrolimus [77, 78].

Morphologic changes in the brain

Brain lesions in patients with CsA-associated neurotox-
icity have been visualized using cranial MRI and CT
scans.Some of the pathological changes are reversible
with discontinuation of the drug [20, 26, 35, 42, 70]. It is
generally agreed that the occipital white matter is
uniquely susceptible to the neurotoxic effects of CsA
[54, 88], but some studies have revealed evidence of
more extensive and irreversible brain injury [54]. Pari-
etal or occipital hyperintense T2 lesions have been lo-
cated primarily at the gray-white junction and affect
both gray and white matter.

CsA-associated pathological changes observed using
MRI appear similar to those attributed to hypoxic injury
or centrally centered vasculitis [8, 42]. Specifically, le-
sions have a distinct anastomotic border zone distribu-
tion, but they do not develop anastomotic border zone
infarction. Injury to both the major and minor vascula-
ture may cause hypoperfusion or ischemia, and local
secondary toxicity may produce lesions in the white
matter [8].

CT has shown that patients with either CsA- or ta-
crolimus-associated neurotoxicities develop similar
pathologic changes [33]. Other pathological changes
may be unique to tacrolimus-mediated neurotoxicity;
these include multiple hemorrhages and decreased at-
tenuation in the thalami. Vascular toxicity may also
play a role in mediating the neurotoxic effects of tacrol-
imus that are known to produce vascular injury in ex-
perimental animals [31]. Injury to the occipital white
matter can result in reversible changes in visual acuity
and, if the injury is severe, may cause reversible cortical
blindness [88]. T2-weighted MRI scans of one patient
with CsA-associated cortical blindness revealed in-
creased signal intensity in two focal areas (bilateral and

symmetrical) in the medial surface of the occipital lobes
[30].

The characteristic pathological findings in cases of
CsA-associated fatal convulsions are cerebral edema
and focal necrosis, indicating disruption of the blood-
brain barrier [54, 81]. These changes are probably the
result of CsA-induced damage to the vascular basement
membrane. All OLT recipients who have been treated
with CsA may have cortical hyperintensity on their
MRI scans. This most commonly involves the cingulate
gyrus and the occipital lobe, and less commonly involves
the parietal lobe and the frontal cortex [42]. Pathologi-
cal changes consist primarily of fine linear (laminar)
cortical hyperintensities and are most apparent on pro-
ton density-weighted images, but are difficult to discern
on T2-weighted images.

Concomitant factors in the development of CsA- and
tacrolimus-induced neurotoxicity

Many factors appear to predispose patients treated with
either CsA or tacrolimus to develop drug-related neuro-
toxicial adverse events. Some of these factors are ad-
vanced liver failure [20], hypertension [26], hypocholes-
terolemia [19], elevated CsA- or tacrolimus blood levels
[12], hypomagnesemia [86], intravenous administration
of drug [19, 24, 69], and administration of other drugs
that inhibit CsA and tacrolimus metabolism (including
high-dose methylprednisolone) [49, 58].

Hypocholesterolemia and previous hepatic failure
may predispose patients with advanced liver failure to
develop CsA-associated neurotoxicity [19, 20, 27]. CsA
is a highly lipophilic molecule; thus, hypocholester-
olemia may cause rises in the level of unbound CsA by
enhancing its diffusion across the blood-brain barrier
[27, 33]. Furthermore, advanced liver failure may dis-
turb the blood-brain barrier, increasing the uptake of
CsA into the brain [20, 33]. Tacrolimus is also highly li-
pophilic; thus, it is conceivable that a similar mechanism
leads to its increased neurotoxicity in OLT recipients.
The results of one study do not, however, support this
hypothesis; investigators did not find any clear relation
between hypocholesterolemia and neurotoxicity [24].

Intravenous administration of either CsA or tacroli-
mus may contribute to the development of neurotoxici-
ty, possibly as a result of the increase drug levels in the
blood [19, 24, 69]. However, one study has shown that
in some OLT recipients receiving either tacrolimus or
CsA, drug blood-levels were within their low therapeu-
tic ranges prior to, and after the onset of, neurological
symptoms. Furthermore, patients who received only
oral medication have also developed neurologic symp-
toms [59].

Drugs that inhibit the metabolism of CsA or tacroli-
mus (increasing their blood levels) may increase the



320

risk of neurotoxicity [37, 40, 56, 65, 66]. Methylpredniso-
lone inhibits metabolism of CsA in the liver [58]. The
occurrence of GVHD with concomitant use of high-
dose corticosteroids is the single predisposing factor in
the occurrence of convulsions in BMT recipients [26].
Other case reports suggest drugs that inhibit CsA me-
tabolism may also enhance the risk of neurotoxicity.
One patient developed severe tremors and myoclonus
while receiving concomitant CsA and high dosage lipo-
somal amphotericin B; symptoms resolved with the dis-
continuation of CsA [25]. Another report suggested
that the combination of CsA with ganciclovir might pro-
duce transient brainstem- or neuromuscular dysfunction
with abnormal eye movement in occasional patients
[64].

Seizures may be associated with hypomagnesemia
[86]. However, a retrospective analysis of 625 BMT re-
cipients was unable to show a clear relation between
magnesium levels and development of seizures [26]. At
the moment of seizure, 30 % of patients had low magne-
sium levels ( < 1.7 mg/dl), 57 % had normal levels (1.7 to
2.5mg/dl), and 13% had high levels (> 2.5 mg/dl).
Clearly, prospective studies are needed to quantify the
relative risk of all potential risk factors discussed to bet-
ter enable physicians to minimize the risk of neurotoxic-

1ty.

Clinical impact of CsA- and tacrolimus-associated
neurotoxicity

As well as decreasing patients’ quality of life (QOL),
drug-related neurotoxicity has a negative impact on
both the morbidity and mortality of transplant recipi-
ents receiving either CsA or tacrolimus. Recipients of
OLT appear to be more adversely affected, compared
with recipients of other organ transplants.

OLT recipients with moderate/severe late-onset neu-
rotoxicity are at an increased risk of dying, compared
with patients with less severe manifestations of neuro-
toxicity {59]. Late neurotoxicity is strongly associated
with severe infections and multiple organ failure; these
factors are associated with a lethal outcome in more
than 50% of patients. Also, the incidence of epilepti-
form activity after OLT is reported to be 5-fold higher
in patients with a fatal outcome compared with those
who survive [96].

Heart transplant recipients who develop CsA-associ-
ated neurotoxicities may face a severe decline in their
QOL. The relative long-term decline in cognitive brain
function experienced by some patients [38] may be the
most distressing feature of CsA-associated neurotoxici-
ty and significantly impair their QOL. Furthermore,
these observations suggest that long-term psychological
testing may be necessary in patients who receive calci-
neurin inhibitors.

Discontinuation of CsA or tacrolimus does not re-
verse the symptoms of neurotoxicity in all patients. Pa-
tients who continue to experience clinical manifesta-
tions of neurotoxicity have a poorer long-term outcome.
For example, one OLT recipient experienced only par-
tial improvement after CsA was discontinued [15]. At
the 1-year follow-up examination, this patient remained
blind although other neurological symptoms had either
disappeared or greatly improved. Patients with throm-
botic thrombocytopenic purpura (TTP) associated with
tacrolimus or CsA also have a much poorer outcome de-
spite discontinuing imunnosuppressant therapy, and
they often require intensive support [85]. A 17-year-old
patient developed occular flutter 51 days after trans-
plantation [4]. Subtle neurologic abnormalities with a
pathologic electrooculogram persisted in this patient
for at least 10 months.

The effective management of seizures in patients
who are receiving CsA or tacrolimus is complicated by
potential drug-drug interactions (eg, with concomitant
immunosuppressants such as corticosteroids) and hy-
pertension (a common side effect of CsA and tacrolimus
therapy) [26]. The occurrence of GVHD, with the con-
comitant use of high-dose corticosteroids, is the single
predisposing factor in the occurrence of convulsions in
BMT recipients. Hypertension was shown to be an inde-
pendent risk factor for seizures; 25.7 % (38/148) of hy-
pertensive patients developed convulsions compared
with 2.5% (25/274) of those without hypertension. Neu-
rotoxic adverse events may result in a transplant recipi-
ent becoming less compliant with regard to their immu-
nosuppressant drug regimen, thus, increasing the risk
of inadequate immunosuppression and the risk of graft
rejection.

Management of neurotoxicities

The pathogenesis of CsA- and tacrolimus-associated
neurotoxicities (as well as the many factors favoring
their development) is still not completely understood
and, therefore, it is difficult to prevent this adverse
event. In treating drug-related neurotoxicities, the phy-
sician may be required to manage an extremely wide
range of symptoms, including tremor, paresis, hallucina-
tions, and coma. Some of the rare symptoms of neuro-
toxicity may be unpredictable and difficult to manage.
For example, any abnormalities in behavior and/or stu-
por in patients receiving CsA may be a manifestation
of complex partial status epilepticus [3]. It has, there-
fore, been suggested that any CsA-treated patient who
develops an encephalopathy should have an clectroen-
cephalogram performed at the time of abnormal behav-
ior.
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Discontinuation of therapy

Most cases of CsA- and tacrolimus-associated neurotox-
icity have occurred at high doses of either drug [7, 24, 39,
72]. Therefore, the first step in the treatment of drug-
related neurotoxicity is to discontinue the immunosup-
pressant, correct electrolyte abnormalities, and control
hypertension [5, 46, 85]. In many cases, discontinuation
or dose reduction results in resolution of symptoms; un-
fortunately, this approach has not been successful in all
patients [4, 15].

Recognition of factors that contribute to the development
of neurotoxicity

The physician should be aware of any signs that herald
the onset of neurotoxicity. Prolonged CsA therapy, after
appearance of neuroclogic symptoms, may result in non-
reversible neurotoxicities [15]. Specific patient groups,
such as children and patients with a history of renal tox-
icity or hypertension who may have a predisposition to
develop neurotoxicity, must be carefully monitored dur-
ing immunosuppressant therapy [23, 58]. In addition,
posttransplant patients who develop hypertension must
be carefully followed since they are at an increased risk
for developing seizures [26].

Other factors appear to increase the risk of neurotox-
icity in patients treated with either CsA or tacrolimus.
Advanced liver failure may slow the rate of clearance
of parent drug, increasing the risk of neurotoxicity [87].
Transplant recipients are at an increased risk of infec-
tions, and therefore often receive antiinfective agents
in addition to other immunosuppressants [45]. Many of
these other medications (eg, high-dose methylpredniso-
lone) [58] can inhibited metabolism of CsA or tacroli-
mus by the liver and increase the risk of adverse events,
including neurotoxicity [37, 40, 66].

The development of severe micoangiopathic
hemolytic anemia requiring clinical intervention may
be the strongest predictive factor for neurotoxicity in
BMT recipients [70]; visual disturbances can precede
subsequent severe neurotoxicity, including seizures [30,
70]; and epileptiform activity in electroencephalograms
of OLT recipients suggests a poor prognosis [96].

Therapeutic drug monitoring

As discussed, current strategies to manage neurotoxicity
are based on the assumption that most, if not all, symp-
toms are dose-related and only occur at elevated blood
levels of either CsA or tacrolimus. If this were the situa-
tion in all patients, regular measurement of drug levels
in the blood would be of great value in preventing neu-
rotoxicity by ensuring that they do not rise above thera-

peutic concentrations. Unfortunately, the development
of neurotoxicity does not always correlate with a simple
dose effect, and not all neurotoxicities can be reversed
with discontinuation of CsA or tacrolimus [4, 13, 15, 46,
59, 85, 94], or be clearly correlated to the dose of immu-
nosuppressant [26, 94]. Even careful monitoring of drug
levels will not be of any use in either preventing neuro-
toxicity or managing patients experiencing some forms
of neurotoxicity; eg, the occurrence of isolated cerebel-
lar syndrome in children is not related to the dose of
CsA [72]. Furthermore, there appears to be no correla-
tion between serum CsA levels and the occurrence of
seizures in BMT recipients [26]. Lastly, one study has
shown that OLT recipients who received tacrolimus
and CsA had blood levels of both drugs that were within
their low therapeutic ranges prior to, and after the onset
of, their neurological symptoms [59].

A simple-dose response correlation may not be ade-
quate to predict all CsA- and tacrolimus-induced neuro-
toxicity; cumulative CsA dosage may be of greater im-
portance in some patients [38] while in others it may be
a serum concentration in excess of 1000 ng/ml [54, 71].

Therapeutic drug monitoring is best performed at the
patient’s bedside, and results should be interpreted by
the attending physician. It is clear that strict adherence
to therapeutic drug monitoring is insufficient to prevent
the development of neurotoxicities, in part because of
the high degree of variance between individuals. Lastly,
susceptibility to neurotoxicity may be related to person-
ality type. [Personal observation]

Monitoring CsA metabolites. The neurotoxic effects of
CsA (and tacrolimus) possibly are mediated by metabo-
lites. CsA and its metabolites can apparently cross the
blood-brain barrier [46]; high levels of CsA metabolites
have been found in cerebrospinal fluid [13]. Impaired
hepatic function may affect CsA metabolism and lead
to decreased clearance of both parent drug [87] and me-
tabolites with an increased risk of neurotoxicity. Thus,
monitoring of the major CsA metabolite M 17 concen-
tration has been proposed as a strategy to reduce the
risk of severe neurotoxicity [26, 87]. In the absence of
data to the contrary, this proposal should not be ig-
nored.

Treatment of seizures

The treatment of CsA-induced seizures can be problem-
atic; they have been managed by a combination of re-
duction in CsA dosage with anticonvulsant therapy [13,
91]. However, the anticonvulsants phenytoin, phenobar-
bital, and carbamazepine should be avoided. All three
drugs decrease CsA blood levels and make it difficult
to maintain CsA at therapeutic levels. Such difficulties
maybe avoided by treating patients with valproic acid
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[91]. Lastly, any possible precipitating factors, such as
hypertension [26] and hypomagnesia [86] should be cor-
rected.

Usefulness of MRI

Regular visualization of the cranial lesions using MRI
may be useful in managing severe neurological disor-
ders, especially seizures [42]. Furthermore, it may sup-
port the clinical suspicion of CsA toxicity in patients
who develop seizures, disturbed consciousness, cortical
blindness, or speech disorders in the early postoperative
period [42]. Some investigators recommend that a cere-
bral MRI be performed as soon as severe CsA-induced
neurologic toxicity is suspected [15, 34]. Early radiologi-
cal examination may be useful in monitoring patients re-
ceiving tacrolimus and high-dose corticosteroids and
who are at risk of developing TTP [85]. Data from
MRI scans should, however, be carefully interpreted be-
cause the validity of this approach has not been con-
firmed by prospective study. In one recent study of 44
OLT recipients, 5 patients had extrapontine myelinoly-
sis and central pontine myelinolysis (CPM) characteris-
tic of CsA toxicity. MRI scans revealed abnormal signal
intensity within the pons well as in the subcortical white
matter in the bilateral parieto-occipital regions. Howev-
er, the extent of pontine abnormality in these patients
was variable and did not correlate with the severity of
neurological deficits [34]. Furthermore, two patients
with indistinguishable CPM presented with different
clinical settings; one had “locked in” syndrome and the
other had less severe manifestations. Lastly, brain CT
of 17 recipients of BMT (with moderate to severe neu-
rotoxicity) revealed density changes in several areas
{most frequently in the occipital lobe); however, these
changes were not specific and transient on subsequent
examination [26]. In the absence of clinical neurotoxici-
ty, no abnormal findings can be detected by imaging
methods such as conventional MR, MR perfusion maps
and SPECT perfusion scans [80].

CsA- and tacrolimus-sparing regimens

Concern is growing that the greatest beneficial effect of
CsA seems to be limited to the early posttransplant pe-
riod. This, the unknown effects of CsA and tacrolimus
toxicity over the long term has prompted many investi-
gators to attempt to withdraw CsA after the early post-
transplant period [43]. The use of immunosuppressant
therapies in novel combinations may permit the use of
CsA (or tacrolimus) in much lower dosages than have
been used conventionally, while still maintaining ade-
quate immunosuppression and preventing allograft re-
jection [2]. CsA and tacrolimus are both calcineurin in-

hibitors; [14, 75] thus, any alternative immunosuppres-
sant, such as mycophenolate mofetil (MMF), must
have a different mechanism of action. Drug regimens
based on this principal are described as “CsA-sparing”
or “tacrolimus-sparing”.

For patients showing symptoms of CsA-associated
nephrotoxicity, these sparing regimens have yielded sig-
nificant improvements in renal function with no in-
crease in rejection rate. In a Canadian study, 10 kidney
transplant recipients who showed symptoms of CsA-
associated nephrotoxicity were switched from a regimen
of CsA/prednisone to one of MMF/prednisone [41]. Af-
ter conversion, patients did not experience any inci-
dences of acute rejection; furthermore, renal function
(assessed by serum creatinine and creatinine clearance)
significantly improved after a mean follow-up period of
12 months. Weir et al. [93] reported a study involving
28 kidney transplant recipients with progressive deterio-
ration of renal function. The dosage of CsA was reduced
by 50%, and azathioprine (AZA) was replaced with
MMF. After a mean follow-up time of 6 months, this
CsA-sparing regimen resulted in a significant improve-
ment in renal function. In a study of six patients with bi-
opsy-proven CsA-nephrotoxicity, CsA was withdrawn
completely and AZA was replaced with MMF [21]. At
a mean follow-up time of 12 months, these patients ex-
perienced a significant improvement in renal function
as measured by serum creatinine levels. Although these
studies are small and short-term, they show that reduc-
ing or removing CsA and replacing it with MMF reduc-
es nephrotoxicity; therefore, it is logical to predict that
neurotoxicity will also be reduced. Similar trials have
been carried out combining tacrolimus with MMF after
renal transplantation [57].

Although there is limited data regarding the use of
MMF after liver transplantation, a regimen of MMF/
prednisone may be a possible replacement for CsA.
Four OLT recipients were successfully converted from
CsA to MMF/prednisone [32]. The initiation of MMF/
prednisone therapy reversed rejection episodes in all
four patients; only one patient developed a recurrent re-
jection episode requiring additional ininumosuppres-
sion. An open prospective study of 20 OLT recipients
has shown that MMF appears to be a safe and potential-
ly useful adjuvant immunosuppressive agent for rescue
and maintenance therapy that will not increase the risk
of neurotoxicity {44]. Patients in this study experienced
reduced nephrotoxicity and hepatoxicity after the dos-
ages of CsA or tacrolimus were reduced. Primary com-
bination therapy of tacrolimus and MMF following liver
transplantation has recently been reported [22].
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Economic cost of neurotoxicity

Prolonged hospitalization is required for patients with
severe forms of neurotoxicity and may pose a significant
financial burden; eg, OLT recipients who develop neu-
rotoxicity are at an increased risk of developing infec-
tions as well as multiple organ failure [59].

At present, MRI is considered the best modality to
identify the pathology of lesions and some investigators
consider that MRI should be performed as soon as any
unusual neurological symptoms develop after transplan-
tation [34]. Unfortunately, MR1 is a very expensive pro-
cedure; in 1995, the mean allowed charge of an MRI
scan was $993 [61]. However, MRI may reveal lesions
in a patient with a normal CT scan [35].

The accumulating costs associated with therapeutic
drug monitoring are an underestimated financial conse-
quence of CsA- and tacrolimus-induced neurotoxicity.
The cost of a single test is approximately $ 35. However,
tests must be repeated frequently-initially on a daily ba-
sis, then weekly, biweekly, monthly, and quarterly to es-
tablish a maintenance dosage. Thereafter, measure-
ments are required periodically for the duration of ther-
apy; cumulative charges can rise quickly [79]. New “in-
telligent dosing systems” (IDS) may be useful in accu-
rately predicting doses of tacrolimus required to achieve
target drug levels [55]. A reproducible IDS could mini-
mize the risk of all drug-related toxicities (including
neurotoxicity), reduce duration of hospitalization, and
reduce financial costs.

As discussed above, prospective studies have not
been conducted to show the effect of CsA-sparing and
tacrolimus-sparing on the incidence and severity of
drug-related neurotoxicity.

However, such regimens, particularly those that em-
ploy MMF as the calcineurin inhibitorsparing immuno-
suppressant, do significantly reduce costs associated
with drug-related nephrotoxicity (by reducing the num-
ber of rejection treatments and dialysis sessions) [47].

Therefore, it is reasonable to predict that MMF-based
regimens can also reduce costs associated with neuro-
toxicities.

In light of the observation that different personality
types may show varying susceptibility to neurotoxic
side effects, psychological assessment of patients may
be a factor in determining the best drug regimen to use
in order to avoid neurotoxic adverse events. The addi-
tional cost of psychological testing could be offset by
cost savings resulting from the prevention or reduction
of neurotoxic adverse events.

Conclusions

CsA- and tacrolimus-associated neurotoxicities can
have a significant impact on the morbidity of transplant
recipients, especially in OLT recipients. CsA- or tacroli-
mus-induced neurotoxicity should always be considered
in transplant recipients who develop neurological com-
plications, especially in the absence of other clinical en-
tities or drug reactions that could explain their develop-
ment. Most of the time, the symptoms of drug neurotox-
icity are reversible after a substantial dose reduction or
drug discontinuation; but there are well-documented
cases of patients who experience permanent or even fa-
tal neurological damage. Levels of CsA and tacrolimus
in the blood are usually, but not always, elevated at the
time of the manifestation of neurological side effects.
Thus, there is a real need for alternative immunosup-
pressive regimens that include reduced dosages of both
CsA and tacrolimus. The encouraging results of MMF-
based CsA- and tacrolimus-sparing regimens on the in-
cidence of nephrotoxicity hold promise that similar reg-
imens will reduce the incidence and severity of neuro-
toxic effects. Improvements in patient morbidity, mor-
tality, and QOL should follow, as should a reduction in
the financial costs associated with neurotoxicity.
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