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Comparative morphometric analysis of terminal vascularization (vessels with a diameter lower than 12.5 /nn) in the
ischemia-sensitive sector CAIl and the ischemia-resistant sector CA3 of Ammon's horn in Mongolian gerbils was
performed. Basing on numerous computer-counted parameters characterizing the terminal vascular network in both
hippocampal sectors and its relationship to the surrounding tissue, it was shown that a number of capillary vessels, their
average diameter, and exchange and flow surfaces were to a statistically significant degree lower in the pyramidal layer of
the CAIl sector as compared with those in CA3 sector. The number of pyramidal neurons in the pyramidal layer,
counted per surface unit was in sector CAIl higher than in sector CA3. The obtained data indicate clearly an
angioarchitectonically dependent lower microvascular capacity of sector CA 1. However, these differences do not indicate
per ne a leading role of the vascular factor in the pathomechanism of selective vulnerability to ischemia. They may be
a factor facilitating neuronal damage evoked by the excitotoxic action of glutamate, observed in CAIl sector as a result

of forebrain ischemia.
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According to the generelly accepted opinion, sele-
ctive vulnerability of the pyramidal neurons in the
CAI hippocampal sector to ischemia is related with
their specific synaptic organization, exposing them
in this pathological condition to the excitotoxic
action of glutamate (Collingridge et al. 1983; Rhot-
man 1984; Wieloch 1985; Rhotman, Olney 1986).
Bioelectric hyperactivity resulting from this excitoto-
xic influence (Suzuki et al. 1983) is followed by
intracellular calcium influx, which disturbs a num-
ber of essential cellular metabolic processes, leading
to irreversible neuronal damage (Drejer et al. 1985;
Neldrum et al. 1985, Choi 1987, 1988; Siesjo,
Bengtsson 1989; Nakamura et al. 1993). Numerous
biochemical, morphological and physiopathological
studies carried out during the two latest decades
supplied a great number of observations supporting
this concept, among which these data should be
mentioned, which indicate that postischemic selec-
tive damage of CAIl pyramidal neurons may be
prevented by their preceding glutaminergic deaf-
ferentation or by the use of pharmacological bloc-
kers of specific NMDA receptors (Pulsinelli 1985;
Simon et al. 1984).

In this context an old concept of Spielmeyer
(1925) referring selective vulnerability of hippocam-
pal formations to ischemia to their specific angioar-

chitectonics was dominated by hypotheses closer to
the pathoclisis theory of C O. Vogts (1922), unders-
tood in contemporary terms as functional and meta-
bolic properties of the particular neuronal popula-
tions. However, several observations had been col-
lected which indicate that the pathogenic role of the
microvascular network in selectively vulnerable
brain structures such as the hippocampus cannot be
excluded.

The asymmetry of neuronal hippocampal lesions,
concerning both their extension and intensity, in the
experimental model of short-term ischemia of the
forebrain in Mongolian gerbils can hardly be ex-
plained, basing exclusively on the excitotoxic con-
cept of neuronal damage (Gadamski, Mossakowski
1992). It suggests some additional factor of factors,
with high probability of wvascular nature, being
involved in the mechanism of the pathological
events. Imdahl and Hossmann (1986) suggested that
persistent postischemic hypoperfusion of the CAI
sector may play the role of an important pat-
hological factor in the maturation of neuronal da-
mage in this hippocampal area. On the other hand,
the observations of Gadamski and Mossakowski
(1992) showed that structural properties of the
microvascular network in CAl sector may facilitate
hemodynamic abnormalities disturbing blood flow
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restitution in this area in the postischemic period.
Participation of the ,,vascular factor" in the develo-
pment of pathological events in selectively vulnerab-
le areas seems to be more probable, as different
hippocampal regions, varying in their sensitivity to
ischemic damage, were shown to be characterized by
different angioarchitectonic properties (Coyle 1976,
1978; Wrzolkowa et al. 1992).

This inclined us to perform a comparative morp-
hometric analysis of terminal circulation in two
hippocampal regions: ischemia-sensitive sector CAI
and ischemia-resistant sector CA3. The same com-
puter program was used as in a seriess of previous
studies (Wrzolkowa et al. 1984, 1992; Kraszpulski,
Wrzolkowa 1985, 1987).

Material and methods

The studies were performed on the brains of
9 adult Mongolian gerbils, weighing ca. 70-90 g, not
submitted to any experimental procedures. The ani-
mals were anesthetized with pentobarbital sodium
(Nembutal), given intraperitoneally in a dosis of 30
mg/l kg of body weight. They were sacrificed by
transcardiac perfusion (needle placed within aortal
arch) with solution consisting of 2% paraformal-
dehyde and 1% glutaraldehyde in 0.05 M phosphate
buffer, pH 7.4. In each case ca. 150 ml of perfusate
was used. Perfusion was performed under hydro-
static pressure of 40 mm Hg. The perfusion was
preceded by a short rinsing of the vascular system
with heparinized physiological saline solution.

The brains removed from the skull were immersed
for 24 h in the above described perfusion solution.
Then they were cut coronally into | mm slices.
From slices containing dorsal hippocampus, tissue
blocks from sectors CAl and CA3 of Ammon's
horn (Bregma 3.8-4.2 according to Paximos and
Watson 1986) were taken with the use of a large
lumbar punction needle, | mm in diameter. The
tissue blocks were postfixed in buffered 3% osmium
tetroxide and then dehydrated in graded solutions of
alcohol. They were embedded in Epon 812. Embed-
ding procedure during the first day was caried out
at the temperature of 37°C and during the next two
days - at 56°C.

The brain slices, from which tissue blocks were
taken for Epon embedding, were processed to paraf-
fin. Paraffin sections, stained with cresyl violet were
used to control the structures from which material
for electron microscopy was taken. Inproperly taken
blocks were eliminated from further studies.

From Epon embedded blocks semithin sections
(1.5 //m) were cut and stained with toluidine blue.
They were photographed under x 125 magnifica-
tion. The final magnification of microphotographs
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used for morphometric analysis was x 1000. Eighty

one semithin sections were photographed. Microp-

hotographs from 12 blocks of CAIl sector and 11

blocks from sector CA3 were selected for further

studies.

On the microphotographs examined tissue fields
and blood vessels were contoured and neurons in
the pyramidal cell layers were counted. The microp-
hotographs prepared in this way were then analysed
semiautomatically with the use of a IBM/PC 386
computer equipped with a digitizer. Semithin sec-
tions were examined in a projecting Pictoval micros-
cope (Carl Zeiss, Jena).

The above described analysis concerned the whole
areas of CAIl and CA3 sectors as well as their
separate layers - stratum oriens (A), stratum pyra-
midale (B) and stratum radiatum (C).

The following parameters were recorded:

- circumference and surface area of the examined
hippocampal sectors;

- circumference and surface areas of their particular
layers (A, B and C);

- circumference and surface areas of the larger
blood vessels (diameter more than 12.5 /mi);

- circumference and surface areas of the smaller
blood vessels (diameter less than 12.5 /tm);

- number of smaller vessels;

- number of pyramidal neurons in layers B.

The above data were used for establishing a num-
ber of computer-counted dependences, with applica-
tion of appropriate mathematical formulas. These
were as follows:

- relation of number of blood vessels in particular
hippocampal layers and in the whole preparation
to their total surface #reas

- relation of number of blood vessels in layers A,
B and C to the total surface areas of these sectors;

- relation of the total number of blood vessels to
the number of pyramidal neurons in layer B;

- mean vascular surface in the whole sector and in
its respective A, B, C layers;

- relation of number of pyramidal neurons to the
surface area of B layer, and to the surface area of
the whole preparation of the sector;

- linear density of vessels in the whole sector and in
particular hippocampal layers examined,;

- surface density of blood vessels in the whole
sector and in its particular layers examined,

- volume density of blood vessels in the whole
sector and in its particular layers examined.

For more legible presentation of the obtained

numerical values all results were counted either

per 1000 /mr or 1000 /mF, respectively.

* Ali below presented values concern small vessels and surface
areas reduced by the total surface areas of the larger vessels.
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Stereometric transformations of the obtained data
were performed according to the formulas described
by Weible and Bolender (1973). Statistical analyses
were done with non-parametric tests of Fisher-Pil-
man and Wilcoxon (Krauth 1988). Confidence level
¢ = 0.05

Results

The obtained data clearly indicate significant dif-
ferences between sectors CAl and CA3 of the
hippocampus as far as their terminal vascularization
and cellular composition are concerned.

Not all of the examined features had the same
distinguishing value. Statistical analysis limited the
number of distinguishing features to 10 of the total 35
taken into consideration. Most of them concerned
pyramidal cell layers. Table | compiles the features
distinguishing two hippocampal sectors. In table 2 the
mean values of distinguishing features are presented.

Table 1. Parameters distinguishing significantly sectors CAl and
CA3 of Ammon's horn

Examined feature CA1>CA3 CA3>CA1l
Number of vessels in pyramidaf fayer

per preparation surface +
Number of vesseis in pyramidal layer

per number of neurons in this layer +
Average capillary surface in prepara-

tion +
Average capillary surface in stratum

oriens +
Average capillary surface in stratum

pyramidale +
Vascular surface density in stratum

pyramidale +
Vascular volume density in stratum

pyramidale +
Surface area of stratum pyramidale +
Number of cells in stratum pyramidale

per surface in this layer +

Number of cells in stratum pyramida-

le per surface area of preparation +

In general sector CA3 shows a much higher
number of capillaries per surface unit than sector
CAIl (0.53/0.18). The same difference concerns the
number of vessels counted per number of pyramidal
neurons in both sectors, amounting to 0.111 in
sector CA3 and 0.045 in sector CAl.

Evaluation of capillary vessels parameters indica-
tes much better vascularization of sector CA3. Ave-
rage capillary surface in sector CA3 amounts to
10.15 /mF, while in sector CAI it is 8.32 /mF. This
difference is particularly visible in the pyramidal cell

Table 2. Mean values (x) of statistically significant parameters
distinguishing sectors CAl and CA3 of Ammon's horn

Examined feature Measurement SD
value
Number of vessels in stratum
pyramidale per area of n/1000 /mF 0.18 0.10
preparation 0.53 0.14
Average capillary surface in:
a. preparation /mF 8.32 2.22
10.15 2.80
b. stratum oriens 7.98 2.43
10.93 4.16
c. stratum pyramidale 6.70 491
9.23 2.18
Surface capillary density in  /mF1000 /mF 11.93 6.28
stratum pyramidale 14.65 3.60
Volume capillary density in  /mF/100 /mF  8.25 5.29
stratum pyramidale 11.65 3.56
Number of vessels in stratum
pyramidale per number of 0.045 0.026
pyramidal neurons 0.111 0.033
Surface area of stratum 1000 //InF 417 1.73
pyramidale 12.04 3.85
Number of pyramidal neurons
in stratum pyramidale:
a. counted per surface area of  n///inF 29.44 4.44
stratum pyramidale 11.82 2.32
b. counted per surface area of  n//mF 4.02 0.64
preparation 4.83 0.87

* upper row gives concerning sector CAl, lower one those of sector CA3.

layer (9.23 /mF versus 6.70 /mF) and in stratum
oriens (10.93 /mF against 7.98 /mF). The surface
density, representing vascular exchange surface in
the pyramidal cell layer in sector CA3, reaching
14.65 /mF is higher than in sector CAIl, where it
amounts to 11.93 /mF. So is volume density charac-
terizing flow volume which is 11.65 /mF and 8.25
/mF in sector CA3 and CAlI, respectively.

In addition to the above presented differences in
the pattern of terminal vascularization the two
examined sectors of Ammon's horn differ greatly in
the number of pyramidal neurons. Sector CAI
contains more pyramidal cells per surface unit than
sector CA3 (29.44 to 11.82), although the total area
occupied by the pyramidal cell layer is in sector
CAIl much smaller. Morphologically this finds its
expression in almost invisible neuropil between neigh-
boring neurons and hardly noticeable capillary
vessels (Fig. 1), contrary to the broad intercellular
neuropil accumulation and numerous capillaries in
the pyramidal cell layer of sector CA3 (Fig. 2).

Despite the high proportion of pyramidal neurons
per surface unit of the pyramidal layer of sector
CAl, their number as counted for the surface of its
three layers is lower than in sector CA3 (4.02/4.83).
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Fig 1. Sector CAl of Ammon's horn. Densely packed pyramidal neurons, with hardly visible neuropil
and capillaries between them. Semithin section, toluidine blue, x 790

Fig 2. Sector CA3 of Ammon's horn. Less packed arrangement of pyramidal neurons with neuropil filling intercellular
spaces. Capillary vessels are visible (arrows). Semithin section, toluidin blue, x 790



Discussion

Qualitative and quantitative differences of hip-
pocampal vascularization as compared with other
brain structures, first of all with cerebral cortex,
were described in a number of papers (Spielmeyer,
1925; Coyle, 1976, 1978; Weiss et al. 1982; Schmidt-
Kastner, Szymas, 1990; Kumar et al. 1991). These
peculiarities concern both larger arterial and venous
vessels as well as microvascular structure. Less
numerous and controversial are data concerning
angioarchitectonic differences between hippocampal
sectors, showing different sensitivity to ischemia.
Coyle's studies (1976, 1978) indicated that the spa-
cial arrangement of hippocampal vascularization
might result in regional differences in blood supply.
However, no quantification of this opinion was
presented. Schmidt-Kastner and Szymas (1990)
while demonstrating, with the use of immunohis-
tochemical methods, lesser capillary density in rat
hippocampus as compared with that of neocortex,
did not observe any differences in capillary supply
between the ischemia-sensitive sector CAl and is-
chemia-resistant CA3 sector. Similarly, Kumar et al.
(1991) applying modern laser morphometry revealed
in gerbils a much smaller number of perfused capil-
laries in the CAI hippocampal sector than in neoco-
rtical formations, but did not find any statistically
significant differences between CAIl and CA3 sec-
tors. On this ground they denied the role of the
vascular factor in pathogenesis of selective vulnera-
bility to ischemia. Differences in capillary density
between various parts of the hippocampus were
recently described by Wrzolkowa et al. (1992). Im-
dahl and Hossmann (1986) found a slightly lower
density of perfused capillaries in the hippocampal
CAI sector of gerbils than in sector CA3. This was
considered to reflect a lower microcirculatory capaci-
ty of the CAI area, resulting in its late postischemic
hypoperfusion. Schmidt-Kastner and Freund (1991)
in their extensive review on the mechanism of selec-
tive vulnerability, although critical to the concept of
the pathogenic role of the vascular factor, conclude
that the morphology of hippocampal vascularization
indicates less secure blood supply to the CAI sector
than to the CA3 area and in the dentate gyrus.

Our studies aimed at comparison of terminal
vascularization (blood vessels with diameter less
than 12.5 /nn) in sectors CAl and CA3 of Ammon's
horn. The analysis comprised both features charac-
terized directly by morphometric measurements, and
computer-counted indices, describing relations bet-
ween the vascular network and surrounding brain
tissue. The obtained data revealed a significant
heterogeneity of both sectors. This was expressed by
lower capillary density in sector CAl as counted

both per surface unit of the whole sector and of its
pyramidal layer. Significantly lower was also the
number of capillary vessels per number of pyramidal
neurons. The characteristic feature of the CAI
sector consisted in smaller mean capillary surface as
compared with sector CA3. Less favourable were
computer-counted structural-functional parameters,
characterizing the capillary network, such as ex-
change surface expressed by surface density, and
flow volume expressed by volume density of capil-
laries. Differences in some parameters between par-
ticular cortical layers in the examined sectors are
worth mentioning. For instance a greater average
capillary surface in n/ra/m/n or/ctm as compared with

Additionally, our analysis revea-
led that the number of pyramidal neurons per
surface unit of the pyramidal layer was significantly
higher in sector CAIl than in sector CA3. Our
observations clearly indicate a lower microcirculato-
ry capacity of the CAIl sector. Taking into account
our earlier data (Gadamski, Mossakowski 1992)
concerning the specificity of structural organization
of vascular network within the pyramidal layer of
CAI sector and in its borderlines with neighboring
layers (n?ra?m,u and n/ra/utu ra<7ii2/m;n) it seems
justified to assume that the angioarchitectonics of
CAIl sector may facilitate the local blood flow
disturbances observed in this area by Imdahl and
Hossmann (1986). This seems particularly probable
in conditions of incomplete cerebral ischemia (Kags-
trom et al. 1983) and during late postischemic
hypoperfusion (Blomqvist et al. 1984, Grogaard et
al. 1989).

Differences in our observations as compared with
those of Kumar et al. (1991) require a short com-
ment, especially so as they concern the same ex-
perimental animals. It is possible that they reflect
methodological differences. The studies of Kumar et
al. (1991) are based on evaluation of the intravas-
cular content of exogenous Evans blue. In this
method only perfused vessels are visualized, while
those which do not contain dye in their lumina (due
for instance to compact accumulation of cellular
blood elements) are invisible and not counted. Our
studies, although statical, permit visualization (wit-
hin limits of methodological error) of all or almost
all vessels regardless whether they are or not per-
fused under /n conditions. Additionally, the
computer program applied permitted to establish
that differences between the CAl and CA3 sector
concern not only the number of capillaries, but also
such important parameters as vascular exchange
surface and flow volume. Therefore, it seems that
our observations present a real anatomical situation,
characterizing the network of terminal blood vessels
in CAIl sector. Under conditions of cerebral



ischemia this may be superimposed by a number of
pathophysiological phenomena such as excitotoxic
activity of glutamate with its functional and meta-
bolic consequences (Olney 1988; Choi 1988; Na-
kamura et al. 1993), temporary reduction of in-
hibitory activity of GABA-ergic interneurons (Gaj-
kowska et al. 1989), changes in perfusion pressure,
both during and after ischemia (Kagstrom et al.
1983; Blomqvist et al. 1984; Grogaard et al. 1989),
disturbances of coupling mechanisms, regulating
blood flow and energy requirements (Hossmann,
1982) and perhaps disturbances of cellular energy
metabolism, facilitating the excitotoxic action of
glutamate (Novelli et al. 1988). Recent studies of
Abe et al. (1993) indicate that these disorders are
present not only during ischemia, but also in late
postischemic periods.

It seems obvious that even a lower microcir-
culation capacity as observed in the CAIl hippocam-
pal sector, does not necessarily indicate the leading
role of the vascular factor in the pathomechanism of
selective vulnerability to ischemia. However, coexis-
tence of both factors - excitotoxic action of amino
acid neurotransmitters and specific angioarchitec-
tonic properties, may be responsible for the sequen-
ce of pathologic events in the hippocampal CAI
sector, resulting from cerebral ischemia.

Poréwnawcza analiza morfometryczna unaczynienia
terminatnego okoiic CAl i CA3 rogu Amona u chomi-
kéw mongoiskich.

Streszczenie

Przeprowadzono poréwnawczg analize morfometryczng sieci na-
czyh terminalnych (Srednica naczyn mniejsza niz 125 /zm) we
wrazliwym na niedokrwienie sektorze CAl i opornym na niedo-
krwienie sektorze CA3 hipokampa u chomika mongolskiego.
W oparciu o ocene licznych parametrow charakteryzujacych sie¢
naczyr terminalnych w obu sektorach i jej relacje do otaczajacego
podioza tkankowego wykazano, ze liczba naczyn wiosowatych, ich
wielkos¢ oraz powierzchnia wymiany i przeptywu sg statystycznie
znamiennie mniejsze w warstwie komdrek piramidowych sektora
CAl niz w tej samej warstwie sektora CA3. Natomiast liczba
neuronéw piramidowych w warstwie piramidowej w sektorze CAl
jest znacznie wieksza w przeliczeniu na jednostke powierzchni niz
w sektorze CA3. Uzyskane dane wskazujg na angioarchitektonicznie
uwarunkowang mniejsza wydolnos¢ mikrokrazenia w polu CAl
w poréwnaniu z polem CA3. Odrebnosci te nie przesadzajg jedno-
znacznie o decydujacej roli czynnika naczyniowego w patogenezie
wybiérczej wrazliwosci na niedokrwienie. Moga one by¢ jednak
czynnikiem pogtebiajagcym uszkodzenia neuronalne w sektorze CAl
wywotane przez ekscytotoksyczne dziatanie glutaminianu.
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